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ABSTRACT  An unusual mortality event in the fall of 1999 was observed in Long Island Sound lobsters resultfug in the
reduction of up to 9%% of lobster landings. The dic-olf corresponded in dlme with the applicttion of pesticides lor the control

ol osquitoes that carried West Nilz virus, an emerging disesse in North America ut that tme. To determine the possible

implications of pesticice application a5 a direct or contributing facior in the die-olT, studies were canducted Lo determine the
effects of experinental exposure to surmithzin o the health of [obsters. Lobsters were exposed in 28-gallon tanks for $-d or 28-d,
and the direet toxicity, as well us sublethal effects on the immune systern was determined. The 96-h LS50 Tor sumithrin upon single

p.2

expasure, as well as the 28.d OS50 for sumithrin upon repeated exposurz, wers greater than 1.6 pg/L.. the highest concentration
tested. Mo modulation of immune function was detectad after sumithrin exposure for either the single or repeated exposures,
Water concentrations of sumithrin decreased rapidly over the 5-d single sumithrin exposure, with 4 hall-ife of less than 2-h, with
similar decay rates for all cancentrations tested, Overall. this study showed that sumithrin degrades rapidiy in salt water and did
not wxert significant Loxicity in lobsters (it neither kill=d lobsters nor induced immunnotexicity) at the concentrztions testad. It
is unkfkely that sumithrin significantly contributed to the 1999 lobster die-ofT jn Long Island Sound.

INTRODUCTION

An unusual mortzlity event was observed in Long Island
Scund (LIS) lobsters (Homarus americanus H. Milne LEdwards,
1837} in the fall of 1999, resuking in a reduction of 90% to
99.9% of landings in western LIS and 60% to 80% in central
and eastern LIS, The lobsters examined suffered from & Parg-
moeba s, infection not previously described in lobsters, which
mainly affected the nervous system (Mullen et al, 2004).
Nevertheless, it is not kaown if this organism is selely respon-
sible for the mortality event or represents a terminal opportu-
nistic infection. The die-off corresponded in time with the
application of pesticides, including sumithrin, for the contre)
of mogquitoes that carried Wes: Nile virus, a new Emerging
discase in INorth America at the time. lnitial analyses for the
presence of pesticides used for the control of West Nile virus-
infected mosquitass did ot reveal detectable concentrations
in randomly sampled lohstars, but these chemicals are Felatively
shori lived and could have been metabalized. The assay results
could not determing with certainty if LIS lobsters had been
exposed to those pesticides. Tt is also possible that exposed
lobsters could have sulfered short- or long-term effects afier the
chemicals had been metabolized and were no longer detectabie.

The immune systemm is central to health and registance;
susceptibility to pathogens in all specics. Interestingly, it is also
onz of the most susceptible and sensitive systems to the affects of
xenobioties, It is therefare highly possible that environmental
stressors (chemical or others) that would have affected the
mmune system of lobsters in LIS would have rendered them
more susceplible to infections (for example with paramocha)
and have played a significant role in the 1999 Li§ lobster die-off,

Two pesticides used to control mosquitces that carried
West Wilg virus, resmethrin and malathion, have recently
been dooumented to reduce lobsts: hemocyte TRagacyions,
an tmportanl (Onate Immune response necessary to eliminate
invading pathogens, upon experimental exposure {[¥e Guise

*Cartrespending author, E-mail: miltor levingdiconm.edu

etal. 2005, De Guise et al. 2004). However., the immunotoxicity
of sumithrin has not been documented in lobsters. This is of
particular interast because the concentrations at which different
pesticides are texic to lobsters wers recently compared with
those that might have been present in Long Island Sound based
on modeling and application data (Miller et al. 2005), but the
modeling exercise had grouped sumithrin and resmethrin, It
is therefore important to understand the toxicity of sumithrin
in lobsters. relative to that of resmethrin.

To determine the possible implications of sumithrin appli-
cation: &s a direct cause er contributing Facior in the die-nfl,
we studied the effects of experimental exposure to sumithrin
on the health of lobsters.

MATERIALS AND METHODS

Experimental exposures were performed in asrated 20-
gallon tanks each containing thres lobsters, with a total of nine
lobsters per concentration. Lobsters of both sexes were kept
in the dark (except during sampling and water changes) in 15°C
artificial seawater (Instant Qcean, Meator, OH) at a salinity
of 24%, and exposed to technical grade sumithrin {Sigma,
St. Louis, MO} using different regimes. The thres concentra-
tions of sumithrin tested wers 001, 0.1, and 1.0 pg/L, in addi-
tion to unexposed controls.

Standard L.C50 experiments were performed over the
coursz of 96-h. Acute exposure lzsted 5 d, with serial sampling
on day I, 3, and 5 and consisted of a single exposure to
sumithrin (on day 0), Subzcute exposure was performed over
the courie of 4 wk. with weekly serial sampling, Tollowed bya
weskly water change end re-exposure 1o an identical concen-
tration of sumithrin as the original one. Experiments suarted
with ning lobsters tEr cones=ntratian {except in 2 fow nstancos
when one lobster died during the acclimation period), which
were al! sertally sampled until the end of the study. All experi-
tnents were conducted in the dark {(except for sampling and
water changes) to minimize possible breakdewn of sumithrin
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through photodegradation. At the end of cach exposure
regimen, lobsters were cuthanized using potassium chloride
{Baitison et al. 2000),

For the acute exposure, water sampies {900 mL} were col-
lected at time O<h, 2-H, 4-h, 6-h, 12-h, 24-h, 72-h, and 120-h,
using I-CHEM amber glass jars certified to meet or exceed LIS
EPA specifications and guidances for contaminant-free sample
containers” (Nalgen MNune International, Rochester, NY), pre-
flied with 25 ml hexane to initiate extraction and prevent
microbial degradation of sumithrin, The samples were kept cold
(4°C} and in the dark until analysis.

The sampling, extraction and HPLC-MS analysis of sumi-
thrin followed the methed outlined in Zulkosky et al. (2005).
The method seems adequate for extrasting dissolved sumithrin
and swmithrin sorbed to suspended particles in water samples
{(Zulkosky et al. 2005). Sam:ples were further shaken/extracted
at $BU and hexane:water emulsions allowed to settle foruptoa
day, after which a fraction of the hexane was transferred with
volumetric pipettes to a vial and gently evaporated to dryness
under a stream of nitrogen gas. Sampies were immediately
redissolved in 1 mL of methanol, which was then analyzed
directly by HPLC-MS. The analysis of sumithrin by HPLC-
Tof-M3 analyses was conducted with a Micromass LCT,
equipped with a Waters 2695 HPLC and a Z-spray electrospray
jonization source according to Zulkosky et al. (2003) Injection
volumes were kept at 10 pL.. The mobile phase was methanel:
water with gradient elution varying from 40% to 95% methanal
in 12 min and held at 95% for 4 min. The aquecus mobile phase
contained 10 pM sodium acetate, and all symithrin was
analyzed from reconstructed ion chromatogram (signal to noise
enhanced by using a small 40 mDa window around the actual
aceurate mass of sumithrin) as sodivm adducts of parent
molecules (M + Na)". Leucine enkephalin was added through
pestecolumn infusion to serve as an internal mass calibrant, to
confirm analyte identification using accurate mass sstimation
{Benotti ¢t al. 2003) And te aliow lor mere accurate quantifi-
cation using proprietary all file accurate mass {AFAM) correc-
tion software supplisd by Waters/Micromass in their MassLynx
software, The internal standard added prior to injection was
d-O-malathion.

Quantitation was eonducted by summing the area of two
resofved sumithrin peais consisting of cis- and transsumithrin,
normalizing the area response to that of internal standard, and
compared with 6 point calibration eurves run daily with each
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Figure 1. The LCgg of sumithrin was determined in lobsters after a siagle
exposure followed by o d-day observation and determination of martality,
The study started witk cight lobsters in cach concentration growp.
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Figure 2. The LCxpy of sumithrin was determined in [obsters after 4 weekly
repeated exposures and determination of mortality. The stady started with
nine lobsters in each concentration grovp.

batch of samples. During an intercalibration exercise conducted
al two concentrations with certified spike solutions, the SBU
method resulted in data that agreed with the expected concen-
trations and with each of the other participating laboratories
within approximately 20% in all cases, Analytical precision in
that and other studies has been between 4% and 10% for sam-
ples extracted and analyzed sepasately on the same daw,

The endpoint tested was the evaluation of the immune
system using hemecyte phagosytosis on liemolymph samples.
Briefly, 1.0 mL of hemolymph was collected from the dorsal
vasculature and immediately transferred to a Vacutainer tube
(Becton Dickinson, Rutherford, NI) containing acid citrate
dextrose {ACD). This proved to be the best anticoagulant for
use with [obster bemolymph cells in preliminary studies in our
laboratory, Phagocytosis was evaluated as previous!y dascribed
(De Guise et al. 2005, De Guise et al. 2004). Briefly. hemocytes
were incubated io their hemolymph at room temperature (20°C
te 25°C). Fluorescent latex beads {1 pm diameter) {Molecular
prodes, Eugene, OR) were diluted 1:10 tn phosphate-buffered
saline (PBS) and 25 WL of the bead mixture was added 10 1 mL
hemolympis. Aftera |-h incubation in the dark, the Auorescence
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Figure 3. Thagocytosis of lobsier vells us measured 1, 3, and S days after
a single ¢xposure to three different concentrations of sumithrin, Resolts
are reported as mean + standard deviation (z= 7,8, 8 and 737, 8, T, 00d 7;

6,8, 5, and € for the 0, 0.81, 0.1, and 10.0 pg/l. 2roups, respectively, on
days 1, 3, and 5),
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Figure 4, Phagocyiosis of Lobster cells as measured 7, 14, 21, and 23 days
affer woeekly repeated exposure to three different concentrations of
suotithrin, Results are reported as mean + standard deviation (n= 5, 8§,
9,and 7; 8,8, 8, a0d 7; 8, 8, 8, and 5; 6, 8,8, and 5 for the 0, 0,01, 0,1, and
10,0 g/ L groups, respectively, on days 7, 14, 21, and 28).
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of approximately 20,000 hemocytes was evahiated with a
FACScan (Beetan Dickinson, Mountain View, CA) flow
cytometer, using a forward scatter thyeshold to eliminate free
beads from the acquisition. Phagocytosis was evaluated as the
propartion of hemocytes that had phagoeytized two or more
beads. Results are reported as mean + standard deviation. A
one-way analysis of variance (ANOVA) with Dunnott test was
used to compare the different experimental groups to the
unexposed control group, using p < .05 for statistical signifi-
cance. Regression analysis for the determination of the L350
was performed using the Microsoft Excel software.

RESULTS

BDirect Toxicily

The concentration of sumithrin that killed S0% of the
exposed lobster (LCsy) was determined for both the 96-h
and 28-d exposures, To de so, lobster mortality was recorded
daily and comulated over either 96-h or 28-d. The cumulative
mottality was plotted against the concentrations of sumithrin
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Figure 5, Depradation of sumithrin after 5 days (acute exposurs),

expressed | as a percentage of the initially measored concentration. Note

that a data point is missing for (he 4-h time point at 0.1 pgfL, because the
bottle broke daring transport.
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Figure 6, Changes in the {hree (1.9, 0,1, and 9.0 pgfL) target doses of
sumithrin over 5 days {acute exposure), Note that a data point is missing for
the 4-it time paint at 0.1 pg/L, becnuse the bottle broke during fransport.

used {nominal concentration) and a linear regression curve
was determined using the Microsoft Excel software, The LCs,
{cencentration of sumithrin when the curve crosses the 50%
mortality) was calculated using the equation determined by the
software for the regression curve {using y = 50%). The 96-h and
28-d LCsq's were both above 1.0 pg/L (nominal concentration),
the highest concentration used in this study {Fig. 1, Fig, 2).

Immune Function

Phapocytosis was not significantly modulated in sither the
5-d (Fig. 3) or 28-d (Fig. 4) exposure.

Analytical Toxicology

Water samples were analyzed 1o assess the degradation of
sumithrin in the conditions used. The concentrations at Hme 0
(immediately after dosing) werzs 0.352, 0.038, and 0.018 ug/L for
nominal coneentrations of 1.0, 0.1 and 0.01 pg/L, respectively,
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Concentrations generally decreased rapidly, reaching 50% of
the initial concentration before ot at the 2-h initial resampling
(half life of 2-h or less, Fig. 5). The concentrations of sumithrin
in time for the different nominal doses arve shown in Figure 6.
Note thar-a data point is missing for the 4-h time point at
0.1 ug/L, as the bottle broke during transport.

DISCUSSION

The current study assessed the toxicity of sumithrin in
labsters in view of the use of sumithrin aroond Long [sland
Sound to control West MNile virus-infected mosquitoes and its
potential role in the 1999 lobster dis-off.

In the current study, the 96-h LCsg for sumithrin was above
1.0 pg/L. The 96-h LCs for resmithrin, another pyrethroid
pesticide used to control mosquitoss and tested for its toxie
potential in a previous study in lobsters, wasalsoc above 1.0 ng/L
(De Guise et al. 2005). The 96-h LCsp for sumithrin in small
crayfish, large crayfish, brown trout, and brook trout were 0.33,
.71, 10.5, and 18.5 pg/L, respectively {Paul & Simonin 2006,
Paul et al, 2003), with the lower two cancentrations within the
range of concentrations tested in the current study. Lobsters
in this study were therefore less sensitive than crayfish to the
deleterious effects of sumithrin, The 28-d LCs for lobsters in
this study was greater than | ytg/L, the greater concentration
tested. Tt seems that sumithrin was less togic to jobsters than
resmethrin, for which a 14-d LCsg in similar conditions was
0.75 pgfl. (e Guise et al. 2003),

The evaluation of phagecytosis by flow cytometry is a
sensitive indicator to measure the subtle sublethal effects of
pasticides in lobsters {De Guise et al. 2003, De Guise et al. 2004).
MNo modulation of immune fanction was detected after sumi-
thrin exposure either for single or repeated exposures. [t seems
that swmnithrin is [ess immunotoxic 1o lobsters than resmethirin,
which at similar concentrations, significantly reduced phagocy-
tasis on single and repeated exposures in similar experimental
conditions {De Guise et al. 2005).

The concentrations of sumithrin measured in the water
at time 0 (immediately after dosing) were less than hall the

203-325-8845 p.5
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nominal concentrations (what we know we put in the water) at
the high and medium dose, and almost twice the nominal
coneentration at the low dose. All events could be explained
by incomplete mizing of the sumithrin in the tanks, followed
by sampling of a sample of water that may either overestimate
or underestimate the concentration o be reached on complete
mixing, In addition, it s possible that sumithrin rapidly
adsorbed to cither the walls of the tanks, the lobsters or orpganic
matier present in the tank, yielding lower conzentrations than
expected in the water. The rise in concentrations towards the
end of the experiment, particularly at the high dose, ocenrred
with a simultaneous increase in arganic particies in the water, to
which sumithrie may have adsorbed, Despite the variations ob-
served betwesn nominal and measured concentrations, noi-
inal concentrations were used throughout this manuscript for
comparison with the resmethrin study {De¢ Guise et al. 2005},
which also used nominal concentrations. Overall, whatever the
iniual concentration of sumithrin, the decay rates were rather
similar, with a half-life of less than 2-h in our sea water system.

A modeling exercise suggested the maximum concentrations
of pyrethroids (the sum of resmethyin and sumithrin) reaching
the bottaom waters of Long Island Sound (maximum calculated
24-h average) was 0.082 pg/L (Miller et al. 2005}, a concentra-
tion within the range of those rested in this study and that did
not induce significant increases in mortality or deleterious
effects on lebster iimune functions.

Overafl, our study showed that sumithrin degrades rapidly
in salt water and did not exert significant toxicity in lobsters
{it nzither killed lobsters nor induced immunotoxicity). [t was
alzo less toxic than resmithrin, which was previously tested
in our labaratory at the same doses, using the same assays.
Overall, it is unlikely that sumithrin significantly contributed
to the 1999 lobster die-off in Long Island Seund,
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Abstract

i
|

Alobster dile—off reduced the 19989 fall iandings inwestern Long [sland Sound by upto more then 99%. The die-off corresponded
in ime with the application of pesticides for the control of mosquitees that carried West Mile virus, a new emerging disease in
North America at the Gme. [n order to determing the possible implication of pesticide application as z direct cause or contributing
factor in the die-off, we stutlied the effects of experimental exposure to malathion on the health of [obsters. Lobsters were expaosed
in 20 gallon tanks, and the direct toxicity as well as sub-lethal effects on the immune system were determined. The 96 h LCsy
for malathion upon single exposure was 38 wg/l. Malathion degraded rapidly in sea water, with 65-77% lost after | day and
83-96% lost after 3 days. Phagocytosjs was significantly decreased 3 days after & single expostre to initial water concencrations
as low as 5 ppb, when measured waler coneentrations were as low as 0.55 ppb. Similarly, e[fects on phagocytosis were ohserved
at 1,2 and 3 weeks after the initation of weekly exposures, Cell connts did not difTer significantly upon cxposure to maiathion.
Malathion was not detected in muscle and hepatopancreas of exposed lobsters. Evaluation of phagocytosis is a sensitive indicator
of subtle sub-lethal effects of malathion. and relatively small concentraticns of malathion (6—7 times lower than the LCq) can
affect lobster defense mechanisms.
© 2003 Elsevier B.V. All rights reserved,

Keywordy: Malathion; Lobsters Homarus americarss, immunotoxieity; LOS0

1. Intraduction ert LIS and 60-80% in central and eastern 1.1S. The

lobsters examined suffered from a Paramoseba sp. in-
fection not previcusiy described in lobsters, which
mainly affected the nervous system (Mullen et al.,

An vnusual mertality event was abserved in Long
Island Sound (LIS) [ebsters in the fall of 1999, result-

ing in a reduction of 90-99.9% of landings in west-

* Corresponding author. Tel: +1-850-486-0850;
fax: +1-860-486-2754.
L-mail address: sdeguise@eanrauconn.edu {3, De Guised.

2003}, Nevertheless, it is not known if this organism is
sclcly responsible for the mortality event or represents
a terminal opporiunistic infection. The die-off carre-
sponded in time with the application of pesticides, in-

. ¢luding malathion, for the control of mosquitoes that

O166-445K/§ — see front matler & 2003 Blsevier B.V. All rights ressrved.

doi; 10.1016/j.aquatex, 2003.1 1 .G05
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Office of Pesticide Programs. The primary changes
from the EPA method is the use of capillary column
techniques in liew of the packed column specified in
the methods, and the use of GC/MS instead of a Aame
ionization detector. EPA method 616 is based upon
older technigues and the BRI improvements to the
method allow for the identification and quantitation
at lower levels. The method detection limit (MDL)
far the analysis of the malathion in water was 0.1 rpb
{pg/ly. The MDL for the analysis in lobster tissusg
was 15 pph.

The endpoints tested include evaluation of the jm-
mune system using hemocyte counts and phagocytosis
on hemolymph samples. Briefly, 2.0 ml of hemolymph
was collected from the dorsal vasculature and imme-
diately transferred to a Vacutainer tube (Becton Dick-
inson, Rutherford, NJ) containing acid citrate dextrose
(ACD). This proved to be the best anticoagulant for use
with fobster hemolymph cells in preliminary studies in
our lab. Cells were then counted using a hemocytome-
ter and Trypan blue to determine viability. Phagocy-
tosis was evaluated as previously described {De Guise
et al., 1993} with some variations. Hemocytes were
incubated in their hemolymph at room temperature
{20-25°C}, One um diameter fluorescent larex beads
(Molecular probes, Eugene, CR) were diluted 1:10 in
phosphete-buffered saline (PBS) and 5 il of the bead
mixture was added for every 200l of hemolymph.
After a 1h incubation in the dark, 200 wl of each
cell suspension was analyzed by flow cytametry,
The fuorescence of approximately 10,000 hemocytes
was evaluated with a FACScan (Becton Dickinson,
Mauntain View, CA) flow cytometer, using a forward
scatter thresheld to eliminate free beads from the
acquisition, Phagocytosis was evaluated as the pro-
portion of hemocytes that had phagooytized two or
more beads,

Results are reported as mean 4 standard devia-
tion. A one-way analysis of variance (ANOVA) with
Dunnett’s test was used to compare the different ex-
petimental groups to the unexposed control group,
using P < 0.05 for statistical significance. When the
power of the analysis was below (.80, the thresh-
old suggested by the analysis software {Sigma Stiats,
Jandel Corp, San Rafeel, CA), a student 7T-test was
used to compare each mixture to the control. Regres-
sion analysis for the determination of the LCsy was
performed using the Microsoft Excel software.

3. Resalts

The direct toxicity of malathion in lobster was de-
termined through a standard 96-h 1.Csg, the calculated
cencentration that killed 50% of the animals. To do
5o, lobster mortality was recorded daily and cumuiated
over a 4 day exposure. The cumulative mortality was
plotted against the concentrations ef malathion used
and a linear regression curve was determined using the
Microsoft Excel software. The LCsp was calculated
using the equation determined by the software for the
regression curve. The 96-h LCsg was 38 pg/l (or ppb)
upon single exposure {Fig, 1),

The concentration of malathion was measured in the
water on day O (initial concentration}, as well as on
days | and 3 after a single initial exposure to evalu-
ate its degradation. Malathion degraded rapidly in our
system, with 65~77% lost after one day and 83-96%
after 3 days (Fig. 2). The half-life of malathion in our
system, irrespective of the initial concentration, was
approximately 12 h. Nio malathion was detected in job-
ster tissues at the end of the 5 day exposure.

Phagocytosis was significantly decreased 3 days
{(but not 1 or 5) after = single exposure 10 an initial
waler concentration as low as 5ppb, the lowest con-
centration tested (Fig. 3). The water concentration of
malathion on day 3 was 0.55 ppb.

0% ¥ = D.OL26x + 0.0253 .
50% = 0,789 :
i
509 ,/ :
3 | e
g 1 / :
£ som
= . / :
0% i
0% / / . : i
0% : :

o 10 20 30 40 50
Malathion {ppb}

Fig. 1. The LCs (dotted linch of malathion was determined in
lobsters after a single exposure followed by a 4 day observation
and determination of mertality. The study stared with nine fnbsters
in each concentration group.
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carried ‘West Nile virus, a new emerging disease in
North America at the time. Initial analyses for the pres-
gace of pesticides used for the control of West Nile
vitus-infected mesquitoes did not reveal detectable
concentrations in randomly sampled lobsters, but these
chemicals are relatively short lived and could have
been metabolized. The assay results ceuld not deter-
ming with certainty if LLS lobsters had been exposed
to those pesticides. It is also possible that exposed lob-
sters could have suffered short- or long-term effects
after the chemicals had been metabolized and were no
longer detectable.

The immune system is central to health and re-
sistance/susceptibility to pathogens in all species.
Interestingly, it 1s also one of the most susceptible and
sensitive systems to the effects of xenobiotics, It is
therefore highly possible that environmental siressors
(chemical or others) thal would have affected the im-
mune system of lobsters in LIS would have rendered
them more susceptible to infections (for example with
paramoeba) and have played a significant role in the
1999 LIS lobster die-off. Malathion immunoloxicity
has been documented in several species of tabora-
tory animals including its effecis on both humoral
(diminution of the antibody response upon injection
with tetanus toxoid, ovalbumin and sheep red blood
cells) and cellular immune responses {marked inhi-
bition of lencocyte and macrophage migration) of
mice, rats and rabbits {(Banerjee et al., 1998). The
effects on macrophages, were also documented, in-
cluding an increased respiratory burst by peritoneal
macrophages upon stimulation after in vivo exposure
to malathion (Rodgers and Ellefson, 1990}, using a
mechanism dependent on mast cells (Rodgers et al.,
1996). Malathion was also documented to affect
the natural and acquired immunity of fish (Japanese
medaka}, including a dose-dependent reduction of the
production of antibodies to sheep red blood cells and a
mild decrease in the superoxide production by kidney
phagocytes, which resulted in a decrease in resistance
to infection by Yersinia ruckeri, a common bacterial
fish pathogen (Beaman et al., 1999}, The [ethal and
immunotoxic effects of malathion on lobsters have
never been determined. In order ta determine the pos-
sible implicalion of malathion application as a direct
cause or coniributing factor in the die-off, we studied
the effects of experimental exposure to malathion on
the health of lobsters.

2. Material and methods

Experimental exposures were performed in aerated
20 gallon tanks each centaining three lebsters, with
a total of nine lobsters per concentration. The three
concentrations QE malathion tested were 5, 21 and
46 ppb, in addition to unexposed controls. Lobsters
from Maine were kept in the dark {(except during sam-
pling and water changes) in 14 °C artificial sea water
{Instant Ocean, Mentor, OH) at a salinity of 2d%e.
and exposed to technical grade malathion (Fisher
Scientific, Pittsburgh, PA) using different regimes.
Standard L.Csp experiments were performed over the
course of 96h. Acute exposure lasted 5 days, with
serial sampling on day 1.3 and 3, and consisted of a
single exposure to malathion. Subacute exposure was
performed over the course of 4 weeks, with weekly
serial sampling, followed by a weekly water change
and re-exposure to an identical concentration of
malathion as the original cne. All experiments started
with nine lobsters per concentration, which were all
serially sampled until the end of the study,

Al the end of sach exposure regime, lobsters were
sacrificed and a gross and histopathological examina-
tioen was performed to determine the presencefabsence
of pathological lesions, and to determine whether or
not they wete associated with exposure to malathion.
Lobsters were eutharized using potassium chloride
{Batison et al., 2000), and a complete necropsy
was performed. Tissues were fixed in 10% neutral
buffered formalin. Select tissues were then transferred
to Dietrichs with 5% trichloroacetic acid for 48 h for
partial decaicification of exoskeleton. Tissues were
then trimmed and processed for paraffin embedding.
Tissues were sectioned at 4 pum, routinely stained
with hematoxylin and ecsin, and examined by light
micrescopy for the presence/absence of lesions,

Muscle and hepatopancreas were also collecled
and frozen during the post-mortern exam 1o analyze
for the presence of malathion. Water samples (11)
were collected periodically using [-CHEM amber
glass jars certified to meet or exceed “US BEPA speci-
fications and guidances for contaminant-free sample
containers™ {(Malgen MNunc International, Rochester,
NY). Water and tissue samples were analyzed at the
Environmental Research Institute (ERI) based upon a
medified form of EPA Method 616. This EPA method
is not validated for sediment and tissue from the EPA
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100% i Cell counts did not differ significantly upon expa-
N ~—21 ppi. sure to malathion. Gross or histological lesions were
o 80% —k— 4§ pph’ .
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w:e.!L o e While malathion is only slightly toxic to mam-
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o 1 2 3 Han spe 7 fgh « ) ;
Day toxicity is generally muoch higher in aquatic species,

Fig, 2. Depradation of malathion in artificial sea water at 14°C
over a five day peried, using three different initial concentrations.,
The half-life of malathion (dotted lines) was approximately half a
day, irrespective of the initial concentration.

Phagocytosis was also significantly affected in
the course of the sub-acute (month-long) exposure
{Fig. 4). There was a significant reduction of phago-
cytosis one week after the initial exposure to 21 pph,
and 2 weeks after the initial exposure to 5 ppb. There
was a significant reduction of phagocytosis at ail
conceniyations tested 3 weeks after the initial expo-
sure, On weel 4, while seven animals remained in
the contral group, only one, three and two animals
remained for the 5, 21 and 46 ppb exposure group,
respectively, due to mortalities. Statistical compari-
son with the control group was therefore not possible
for two of the three exposure groups, and the 21 ppb
exposure group was not significantly different from
the unexposed control group.

Malathion has a wide range of {oxicities in fish, ex-
tending from very highly toxic in the walleye (86-h
LCsp of 0.06mg/l) to highly toxic in brown trout
(.1 mg/l), rainbow trout (0.25mg/l) and cutthroal
trout (.28 mg/l}, moderately toxic in Nile tilapia
(4.6 mg/l) and fathead minnow (8.6 mg/l) and slightly
toxic in goldfish (10.7-11.3 mg/M), mosquitofish
(0.70-12.68 mg/1) and topmouth gudgeon {14.5mg/)
(Johnson and Finley, 1980; Kidd and James, 1991,
Tietee et al,, 1991; U.S. Public Health Service,
1995; Shao-nan and De-Tang, 1996). The oxicity of
malathion for aquatic or marine crustaceans in a 96-h
bicassay ranged from 1 to 280wg/l (Forget et al.,
1998). Lobsters, with a LCsp of 38 ppb or 0.038 mgA,
appesar to be very sensitive to the acute lethal effects
of malathion compared to other aquatic species, with
a LCsp half of that for the walleye, the most sensitive
fish species, and within the relatively wide range of
toxicity for aquatic and marine crustaceans. It is in-
teresting to note that our study, as others, evaluated
the toxiciry of technical grade malathion, and that
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Fig. 3. Phagocytosis of lobster cells as measured 1, 3 and 5 days afler 2 single exposure to three different concentrations of malathicn.
Results are reported as mean = standard deviation (n = 9.8, Y and 7; 9, 7, 8 and 3; 9,7, 6 and 2 for the control, 5, 2| and 46 npb
groups, respectively, on deys 1,3 and 5). Symbal asterisk () significantly different from snexposed control [P < 0.05).
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(< 0.05).

one study demonstrated that commercial formulations
of malathion were 1.176 times more toxic than the
technical material (Haider and Inbaraj, 1986).

The breakdown of malathion in our system was
very rapid, with a half-life of approximately 12h,
This is in centrast with raw river water, {or which
the half-life is less than 1 week, and distilled wa-
ter, in which malathion remained stable for 3 weeks
(Howard, 1991). In general, it was determined that
persistence of the pesticides decreases with increase
in temperature, pH and organic content {(Kaur et al.,
1997), In sterile seawater, the degradation increases
with increased salinity (Howard, 1991 J. We performed
ouwr cxperiments in a static/static renewal mode rather
than flow through system to better mimic the sporadic
environmenial exposure o pesticides, Also, we chose
to conduct our experiments at a ternperature (L4°C)
and salinity (1.024) at which Iobsters were comfort-
able, to minimize stress and to ensure that we did
not overestirmate the wxicity of malathion in lohsters,
Also, experiments were conducted in the dark (except
for sampling and water changes} to avoid excessive
hreakdown of malathion through photodegradation.

Because of its very short half-life, malathion is
not expected to bioconcentrate in aquatic organisms.
However, brown shrimp showed an average concen-
tration of 869 and 939 rimes the ambient water con-
centration in two separate samples {Howard, 1991).
This was not the case in lobsters from this study, for

which malathion was not detected in tissues § days
after exposure. This could be the result of complete
rmetabolism in [obster tissues or the inability to detect
malathion due to a lack of sensitivity of the analytical
methods. Nevertheless, the very rapid breakdown of
malathion in our system suggests that failure to mea-
sure malathion In water samples or tissues does not
necessarily mean lack of exposure. At day 3 of our
acute exposure study, the concentrations of malathion
in the water were very low, yet effects on phagocy-
tosis were demonstrated in exposed Jobsters in which
no malathion was detected in tissues.

Effects on lobster hemocyte phagocylosis were
observed at relatively low concentrations, sometimes
without effects at higher concentrations, Fmmunotoy.-
icological effects not following a dose—response rela-
tionship have been documented before in laboratory
animals, For example, Lawrence {1981) documented
an increase in humoral response 1o sheep erythrocytes
and T lymphaocyte activity in mice exposed to 0,08
and 0.4 mM lead acetate for 4 weeks, while exposure
ta 2.0 mM did not induce significant changes, and ex-
posure to 10.0nM resulted in a suppression of these
functions. Similarly, mitogen-induced lymphocyte
proliferation in mice exposed to lead acetate for four
weeks was significantly enhanced upon exposure to
04 and 0.08 mM for ConA and PHA, respectively,
while exposure to 2.0 and 10.0mM had no s gnificant
effect (Lawrence, 1981). I another study, exposure to
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1¢and 250 ppm cadmiom chloride for 90 days signif-
icantly reduced mouse lymphocyte proliferation upon
stimulation with PHA, Con A or LPS, while exposure
to 30 ppm did not result in significant modulation of
the response (Thomas et al., 1985).

Our data suggest that evaluation of phagocytosis
using flow cytometry is a sensitive indicator of subtle
sub-lethal effecis of malathion, and that transient ex-
posure ta relatively small concentrations of malathion
{67 times lower than the LCsp) can affect lobsters de-
fense mechanisms, even with rapidly decreasing water
concerlirations. These results are not surprising given
that the immunctoxicity of malathion on macrophages
as well as natural and acquired immunity has been
documented in several species of laboraiory animals
{Rodgers and Ellefson, 1990; Rodgers et al., 1996;
Banervjee eral,, 1998) and in fish (Beaman et al., 1999).
Nevertheless, it is interesting to note that the initial
water concentrations that resulted in immunotoxicity
in iobsters (S ppb or 5 wg/) are 40 times lower that
those which resulted in reduced immune functions and
20 times tower than (hose which resulted in reduced
resistance to a pathogen in a fish study (Beaman et al,,
1999}, Lobsters appear gxiremely sensitive (o the im-
munotoxic effects of malathion, Various aquatic inver-
tebrates have been documented as extremely sensitive
to sublethal effects of malathion, with ECsg values
from 1 pg/l to 1mg/l (Menzie, 1980). OQur immuno-
toxicity results place lobsters at the most sensitive end
of the spectrum, with significant effects on the pop-
ufation (not an ECsp) at 5 pg/l. Mammalian studies
comparing the relationship between immune func-
tions and host resistance showed a good correlation
between changes in the immune tests and altered host
resistance, with no instances where host resistance was
altered without affecting an immune test (Luster et al.,
1993). We have documented immunotoxic effects in
lobsters on phagocytosis, reported as the most im-
portant defense mechanism in all phyla of the animal
kingdom (van Oss, 1986). Given that defective phago-
cyte function is an important cause of increased sus-
ceptibility to opportunistic pathogens in mammalian
species (Rotrosen and Gallin, 1987}, and the above
referenced data in mammealian immunotoxicology
(Luster etal., 1993), itis likely that malathion-induced
suppression of phagocytosis in lobsters could re-
sult in a significant decrease in lobster resistance to
discase. :

The current study assessed the toxicity of malathion
in fobsters in view of the use of malathion around
Long Island Sound to control West Nile virus-infected
mosquitoes and its potential rele in the 1999 lobster
die-off. We documented that lobsters appear o be
highly sensitive to the toxic effects of malathion com-
pared lo other species for which literature was avail-
able. However, to the authors’ knowledge, no data
have documented the actuzl exposure of Jobsters 1o
malathion upon environmental applicalion, and it is
not known if the concentrations that we documented
to be toxic to lobsters were ever found in their envi-
ronment in the course of the die-off, I is therefore not
possible to determine with any certitude the role of
malathion in the 1999 lobster die-off. Our results on
the wxicity of malathion to lobster can nevertheless
be useful in risk assessment, and our upcoming results
on the toxieity of methoprene and resmethrin will help
in making informed decisions on further use of pesti-
cides for application around Long Island Sound.

5. Conclusion

In conclusion, our results suggest that lobsters are
highly sensitive to both the lethal and sub-lethal toxi-
city of malathion in sea water, A reduction in immune
functions could likely result in an increase suscepti-
bility to infectious agents, and could have contributed
to the mass mortality if exposure was sufficient,
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Roger Frate
Darien Seafood
15841 Post Rd
Darten, CT 06820

Dear Roger,

This letter is to follow up on our recent conversation on the toxicity of pesticides in
lobsters. As we discussed, my lab was invelved in the experimental assessment of the
toxictly (lethal and sub-lethal) of different pesticides on adult lobsters under laboratory
conditions (artificial seawater, salinity of 24%o, held at [4°C). A summary of those results
follows.

The concentration of malathicn that killed 50% of the lobsters (I.CS0) in our lab
experiments was 38 pg/l, or parts per billion (ppb). The concantration that reduced their
immune functions was 5 ppb. the lowest concentration tested in our lab. Water
concentrations of malathion degraded rapidly in our system, with 65-77% lost after ane
day and 83-96% after 3 days. These results have been published in a peer-reviewed
article {De Guise et al. 2004).

The cancentration of resmethrin that killed 50% of the lobsters (LC50) in our lab
experiments was 0.75 pug/l, or parts per billion (ppb). The concentration that reduced their
immune finctions was 0.01 ppb, the lowest concentration tested in our lab. These results
have been published in a peer-reviewed article (De Guise et al. 2005). ‘

The concentration of sumithrin that killed 50% of the lobsters {LC50) in our lab
experiments was greater than 1 pg/l, or parts per billion {ppb), the highest concentration
tested. Sumithrin did not affect immune functions in lebsters at concentrations as high as
1 ppb, the highest concentration tested in our lab. Water concentrations of sumithrin
depraded rapidly in our system, with a half-life of less than 2 hours. These results have
been published in a peer-reviewed article (Levin et al. 2007)

The concentration of methoprene that killed 50% of the lobsters (LC30) in our lab
experiments was greater than 221 ug/l, or parts per billion {pph), the highest
concentration tested. The concentration that reduced their immune functions was 33 ppb.
Water concentrations of methoprene degraded rapidly in cur system, with a half-life of
less than a day. These results have not vet been published it a peer-reviewed article, but
the results have been presented in conferences and workshons. bt is worth noting that

i thethofrene bioaccumulated in lobster tissues such as hepatopancreas in our studies, a

finding that was also reported by others, with the eye stalk aceumulating concentrations
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of methoprene over 500 times higher than in the seawater they were in (Walker et al.

2005). The same authors also found that methoprene affects protein synthesis in lobsters
(Walker et al. 2005).

Please understand that the studies cited above were performed to determine the
cancentrations of pesticides that adversely affected lobsters in laboratory conditions.

* These studies did not test whether or not lobsters in Long Island Sound encountered such
concentrations of pesticides, My lab did not test water or lobster tissues in Long Island
Sound for the presence of pesticides. This would require the expertise of others.

T hope that the information above provides clarifications on the effects of different
pesticides in lobsters. I have enclosed copies of the relevant papers for your reference.

Yours, o,

# g&ylvain De Guise, DMV, PhD
Director, Connecticut Sea Grant
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RESMETHRIN IMMUNOTOXICITY AND ENDOCRINE DISRUPTING EFFECTS IN THE
AMERICAN LOBSTER (HOMARUS AMERICANUS) UPON EXPERIMENTAL EXPOSURE

SYLVAIN DE GUISE,'* JENNIFER MARATEA,' ERNEST §. CHANG? AND

CHRISTOPHER PERKINS®

'Deparmment of Parhobiolugy and Veterinary Scfence, University of Comnecricur,

il North Eagleviile

Road, U789, Stores, Connecticut 06269; *Bodega Marine Laboratory, University of Californie-Davis,

PO Box 247, Bodega Bay, Californin 04923; *Enviroumenteat Research lnstitute,

Universiry of

Connecricut, 270 Middle Turapike, Uit 3210, Storrs, Connectiour 06264

ABSTRACT A Fobater di-off sigmificrtly reducect the 1999 Tall landings in western Long tsland Baund, The dic-oil comespomted
in time with the applicarion of pesticides for the coalra of midsquitoes that carried West Niie viros, a now emerging disease in North
Ameriea a1 the time, To detenine the possible implicatton of pesticide application as a direct cause or Somtributing facior in the die-off.
we styddied Lhe effect of eaperimenial exporre 1o resticihein on e beadlh of labsiers, Lobsiers tHonaras amers cunus) were sxpeseld
i 80-L ardss, and the direct wxicliy as wellas sabhothal effeets on the fmmune and endoe rine systera were determined. The %6-h LC,,
ghest concemtration tested in our experimunts, whereas the Ya-day

for seamethrin on single eRposure wos grearer than 1o ppd,, the hi

LCay was 075 po/l. Phagocytosis wa

significantly decreased 5 doys nfter a single CXPOSUTE Lo inilial waler concentrations of | and

01 ped us well a5 afier weekly exposure 10 0.1 pg/L Cweck 3 and 4) and 4.01 p/L (week 43, Cell eounts varied widely pnd
inconsistently upon £xposure 1@ resmwthrin. Evaluation of phagoeytngis is a sensitlve indicior of subde sublethal effsces of resmetlirin,
Cruseacean hyperglycemic hormone (CITH), a potentlal sress-related hormone in fohsrers, was measered in the Lemelymph of the

chromically-cxposed animals. Sigaificant increases in CHEH correnrallong woeny abserved

after 4wk of exposure to 0.1 pg/F., Whereas

iLis yet unknewn i (he tonzentrations at which HOXICITY wis documented were ¢ver encounterad by lobsters I Long Tsland Sownd
daring the 1999 die off. exposure resulling in e moduution of their mmumolegy wad physiolugy could Bkely have comributad to

increasing lobster suscoptibility 1o infections diseases.,

KEYT WOROS:
monme, CHH

INTRODUCTION

An unusual mortefity ovent was obiserved in Long Island Sound
(LIS ) lobsters tHomarus americanus FL Milne Bdwards, 1837) in
the faIb of 1999, resulting in a reduclion of Y0% o 100%: of
lendings ™ westorn LIS, The tobsters examined sufiered from o
Paramoeda sp, infection not previously deseribed in lobsters,
which mainty affected the nervous system (Mullen st al. 20044,
Novertheless, it is not known if this organisne was solely respon.
sible far the mortafity event or represented o tesmingl opportunistic

infection, The die-off corresponded in time with e application of

pesticldes, including resmethein, for the canteol of masquitces thal
carried West Mile virus, a new emcrging disease in North Amertea
at the tine. Initial analyses for the presence o pestivides used For
the conral of West Nile vimus-infected mosguitoes did Bol revest

dewectable concemratons in randomly semipled ToRsers, bit Hess

chemicals are relatively short Gved and could have been metaho-
lizod. The assay results could not determine with cenainty it LIS
lobsters had been exposedw thads Festicidss. 1 is also possible
that exposed lobsters could have SUTTEred WD or lang-term ef-
{ects after (e chemicals had been metabolived and were no longer
detegtable. [

The imniome system is central to health and resistince/
susceplibility w pathogens in alf specics. Interestingly, it is alse

oms of the most susceptible und sensitive sysiems 1o the effects of

renobioties (Tryphunny & Feeley 20013 I 15 Hhercefore, highly
pessible thal environmental stressors (hemical or others) tha
wonld have affected the immune system of lobsters in 11§ wonld
Fave readered them more susweptible 1o infections (lur ex e
with paramocba) and have played & significant tole in the 1999 1S

Fearesponding authar, Femadh sybvaindeguise ueonn.cde

e caile o Die ol
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resmedirin, [obster, Homarss americans., fmmonetoxicity, endocrins disraption, crustacean hyperghycentic hor.

lobster dic-off. Resmethrin, especially when synergized by piper-
ouyl huloxide us is the case in conunerciy] preparalions (Scourye],
is o highly effevtive moesquito adulticide, Nevertieless, concern
over its toxicily had the United States Envirmnmenal Protection
Agency impose a restricted use classificalion o Scourge. Whereas
the (exic effecrs (lathal and sublethal, tupon acute and chrenic
exposure! of resmethrin have been evaloated in g range of aguatic
species (Rand 2002, Holck & Meck 1987, Jehnson & Finley 1980,
EPA 1988, Tiewze et al, 1991, Paul & Simonin 1996), incheling
veriehrates and nvertehrates. the lethal and sublothyl dimthunoa-
toxic and endocrine disruplor) ¢llects of resmethrin on lobsers
hive never been delermined. To delermine the possible implication
uFresmedhrin application as a direet casse or contsibating Taclor in
the die-off, we stwdied 1he effects of uxperimentd oxposure U
restacthrin on aspects of the health and physiulogy of (ohsiers.

MATERIALS AKD METHODS

Experimental exposures were performed in aerated 80-L 1auks
each containing three lobsters, with u wval of piae lobsters [
dose. Lobsters of both sexes from Maine were distributed rao-
domly butween groups snd kept in the dark {except during sam-
pling and water changes) i 14%C arufictal seavaler {Instam
Qeean, Menlor. Ohior al a salinity ol 24 parts per thonsand and
eaposed [ technwad grade resmethrin QN Blomedicals Tnc., Aue
rord. Ghioy using different repimes. Standard LC,, exporinents
were perthrined over the course of 96 b, LC ., was dlso ealculated
witer the td-day exposure. For which expasure occured on day 0
andd 7. Acuie axpostze lasied § days. wilh seriat sarapling v duy
15 and 5 and consisted of o single Jose of resmethedn on day 0.
Suboacute exposure was portormed over the cotrse of 4 wi, with
weexly serinl sammpling, tollowed by 4 wiekly water change and
re-exposure 0 an identical concentration of resmethrein as the
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vriginal dose. All experimenty started with nine lobsters per dose,
which were all serially sampied until the end of the study. All
cxperiments wore condocted in the dack (exeapt for sampling and
water changes) {0 nunimize possible breakdown of resmethrin
through photodegradation, The cangentrations of resmethrin for each
exposure goup were 00 0.01, 0.1 and 1.0 pe/L and are refened ©
as due nomiral (calenlated) concuntrations added to the water,

Al the cnd of each exposure regimen, lobsters were sacrificed
and a gross and histepathologic examination was performed (o
delezmine the presencedabsence of pathologic fesions. and lo de-
termnine whether they were associated with exposire to resmethein,
Laobsters were euthanized wsing potassiom chloride (Battison et al.
20001, and a complete necropsy was pedormed. Tissues wers
fixed In H)% neutral buffered formalin, Select dssues were then
transferred to DMatrichs with 5% wichloroncetic acid lor 48 h for
partiul decaleification of exoskeleton, Tissues were then trimmed
and processed for paraffin embedding. Tissucs wore sectioned at 4
m. routinely staimed with hematoxylin ond eosin and examined
by light microscopy lor the presence/absence of lesions.

Muscle and hepatopancress were also collected and Irozen dur-
ng the postmortem exam 0 analyze for the presence of res.
methrin, Water samples {1 LY were collected periodically using
preeleanad [-CHEM amber glass jars certificd 1o meet or exceed
“US EPA specifications and guidance for contaminam-lree sample
containers” (Nolgen Nune Tnternational, Rochester, New Yark),
Water samples were preserved with methytene chloride a the ime
of colleciion. Water and tissue samples were analyzed at the En-
vironmental Research Tnstitute (ERI} based on a mndified form of
EPA method 616, This BPA methed is not validated for sediment
and tissue analysis by the EPA- Olfice of Pesticide Programs. The
pricnary chinges Jrom the EPA method is the use of capillary
column wehnmigues in lieu of the packed colemn specified in the
methods, and the use of GOMS instzad of o flame ionization
defector, BPA method 6146 35 based on okder lechnigques and the
BRI improvernents 1o the method stlow for the identification and
quantdtation at lower levels. The practical geantitagon lomil Tor the
analysis of the resmethrin in water was 0.5 pg/L. The practical
guantization Hmit for the asalysis in lobster tssues ranged from
0.2-1.8 mg/L.

The immunologic endpoints tested inclode evaluation of
hemoeyte counts und phagoeytosis on hemolymph samples,
Briefly, 2.0 mL of kemolympsh wag collected froim the dorsal vas-
culture gad immediately transferred to g Vacutaingr tube {Becton
Dickinsen, Rutherford, NJ) contaiing acid citrate dextrose
[ACD). This proved to be the hest acticoagulant Tor use with
lobsier hemolymph cells in prelismnary studies in our laboratory.
Cells wers then counted using a lemocytoorster and Trypan Blue
w determine viability. Phagocytosis was evalunted as previously
deseribed (De Guise ex al, 2004a). Bricfly, hemolympi {with an-
ticoagulant as deseribed earlier} was incubated at room tempera-
ture {20°C w 2570), Fluoreseeol Lirex beuds (F-nm dametsry
(Molecutar probes, Bugene, Oregen) were diluted 1:10 in phos-
phate-butfered saline (PBS) and 5 pl of the bead mixture was
added for every 200 pl of hemolymph. After o | b incobation In
the dark, 200 pl of each cell suspension was analyzed by How
cytomerry. The fluorescence of approximately 10,000 hemocytles
w25 evaluated with & FACScan (Becton Dickinson, Mouniain
View, California) flow eytomerer, using a forwaed searer tiresh-
old to clieminate free beads from the agquisition. Phagoeytosis was
evaluated as the proportion of Remoecytes that ad phagoeviized 2
ar more beads,
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Hemolymph was oblained vig syringe befors addition of res-
methrin and after chranic exposure. Crustacean hyperglyeomic
horeeene {OHH) was quantified by enzyme-linked iimmunoserbent
assay as previousty described (Chang et al. 1999), Standards were
from the crayfish Creonecres Smosinr and corrected lor tobster
cguivalents, The polyclonal antisera were rabhiz antiCHIL

Results are reported as mean +/— standard devialion. A sepiarate
f-way analysis of variance {ANOVAY with Dannett wst wos used
tw compare the different experimental groups o the unexpescd
control grodp at each thne point. using £ < 043 for stalistica)
significance,

RESULTS

The direct toxictty of resmethrin n fohster was determined
through a standurd 96-h 1.Cg,, 1he calculated concentrafion that
killed 50% of he animals. Muralities were nos recorded in lob-
sters exposed to the highest concentratons of resmethrin used in
this study (1 pe/E), [t was then concluded that the 96-h LG, of
restoethrin in lobsters was greater than | pg/L. The l4-day LCs,
citlealated based on the cumulalive mostalily was 073 g/
(Fig, 1.

The concenraticn of resmicthrin was measured in the watar op
day { {initia! concenwation), as well as on day 1, 3 and 3 after a
single initial exposwz, W evaluate its degrdation. On day O, the
resmethrin concenfration measursd in wialer was 108 pef.. Res-
methrin degradation in our system could o be measured accu-
ralely besrause concenteations were not detceiuble in most e
slances. most concentrations used were under the ypractical guan-
titetion imit of 0.5 g/l (datz not showsn), Monsinal concenitations
were then used throughout this study,

Phagncytosis was signilleantly decreased S doye tbut not | or
3rafter g single exposune (0 an initial wister concentration of | and
0.1 pg/L resmethrin, the tvn tghest eoncentrations tested (Fig, 2).
No resmethuin was detected In lobster tssuss @t the end of the
5-day exposure.

14 day LES0

TV ey e e

y=064.6010 + 1.3731
R' = (0485

T T R T E T ST T TRut AT o A RN ey

Cumulative mormality (%}

[ msnury e a sy Fanasntusnnstanenanpnytsass

{) s . T
{ 2 0.4 0.6

Resmethyin {ppk)

LR i

Figure 1. The 14-day L.C, {dotted line) of resmethrin was delermined
in lobsters ofter weelly exposures {dity 0 und 7) folluwes) by observa-
tion and determination of mortality, The study started with  lohsters
in each concentration gronp.,
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Figuee Z, Phagocytosis of lobster colls as nrensored 1, 3 and 5 days after a single cxposure to three different concentrabions of resmretivin,

*significantty different from noexposed eontrol (F < (G.05).

Fhagocytosis was affected signilicantly in the course of the
subacute {month-long) exposure (Fig, 3). The lighest concentra-
tion used in this stady (1 we/L) was omitted from week 2, 3 and
4 beczuse mortality in thas exposure group on those time pelats
was 67%, TR and 89%, respectively. There wat a significant
reduciion of phagouytosis after exposuce to {3 | pgf/L, resmethrin (3
and 4 wk after initial exposure), and 0.01 podl, (4 wk alter inidal
exposurs). Mo resmethrin was detected in lobsler tissues at the end
of the 4.wk exposure.

Cell counts varied widely and inconsistently in controls angd
upon exposure Lo resmethrin, with no significant differences from
controls except for a yignilfcant rednclion ot the highest concan-
ation en day 7 of the monthly exposure. Gross or hisiodogic
lesions were not cbserved when exposed to resmothrin,

Hewmelymph concentrations of CHE were elevated signifi-
cantly alter 4 wik of exposure a1 0.1 /L (Fig, 4). Thers seems (o
be a dose-response relationship, however the data lor 0.01 /L.
are not significantly ditferent from (he vontrols,

DISCUSSION

The acule and chronic toxieity of resmethrin on aquatic ergan-
ismg has been reviewed recentdy, with the conclusion that il wes
acutely toxdc to fish and inverebrates in the 0.22-15.0 pg/L range
(Rand 2002). Thiz Is in agreoment with the finclings of several
previows studies in invertebrates (Hoick & Mezk 1987 end a wide
range of fish species {Johnson & Finley 1980, EPA 1985, Tielze !
al. 1991}, wilh the exception of channel catlish in which eate
foxicity vcowred at @ slightly higher concentration €16.6 pgLd
{Johnson & Finley 1980), The lack of acute bethal roxicity in a $6-h
assay suggests thar lobsters are not much mace seastive o res-
methrin than other aquatic species. Cin e other hand. the wox feity
of resmethrin became more svident over Lime. with a {d-day 1L.OSG
of 075 pgl. I is important w nate thal our study tested. the
toxledty of technical grade resmethring and nat the commereind
preparations that are synergized with pipereny! butoxide, which
was approximately four imes more wxic (OS50 0.23 pg/L) than
the techrrical grade compound (LOSD 1.3 pg/l) in pink shrimp
(Rand 20023 Tt is also possible that the present study wnderesti-
Inated the acute {oxicky of resmethrin in lobsters becauge b stolie
exposure was choscn, 1o better mimic pesticides apphication, How-
through exposure resulted in o LCSC (002 pg/ly mare than 10
times lower than static exposure (1050 3.7 1Y In Daphnda

magnag (Rand 2002], Wheress other studies ceported (hat acute
ioxicity pecurred within 24 1 (Rand 2002), significant ceaths in
this study only cecurred wt the bighest concentration tested and
afier more than | wk, [t is ealikely that the wxiciey oF resnrethin
in kobsters was overestimated in the pregent sludy for several rea-
suns. inuluding (1) the use of technical grade resmelhrian, rather
than the more toxic formulation synergized with piperonyl butos-
ide: (2) a stutle exposure rather than constant concenirations via u
flow through system and (3) the use of crvironmental conditions
{such as temperature and salinity) favarahle o bsters.

Qur data soggest that cvatustion ol phagocvisis using flow
cylomelry is a sensilive indicator of subtle sublethal elfects of
resmethrin, and that frensient exposure o low, sublethal conctn-
trazions of resmethrin ean affect lobster dofense mcchanisms. To
our gnowledge. this is the Frst report of immunonadulawry of-
feets associated with exposure Lo resmedirin i 1y species. These
effects were nol inmwediate, appeared duse-dependant and exacar-
bated on repeated exposure. Immuonctoxicity was nbserved at con-
centrations 10100 times tower than those that failed 1o kill Job-
sters in the traditional 96-h LO30 assay. Whereas other authors
claim that chronic foxicity o aguatic arganisms will not be an
wsue Tor resmethrin (Rand 2002), 1he present dersonstralion oif
defayed, sublethal effects associnted with vxposure o resmelhrin
elearly winranis concern over the long-term effests of resmethrin
on fobsters, In addition, the sublethal offevis on chronic s plelTiyas
of inverlebrate and fish reprodoction and larval growth dig not
oceur below 059 pgfl (Rand 20027, whereus swimpmin & perior-
mance wag not wlered 20 concantrations below 3.2 pel (syner.
gized) and 6.3 L, (nonsynergized) (Paul & Simonin 1994), sug-
gosting that cither reproducton, Tarval growth and swimming per-
formance are far [oss sensitive than the immune system to the toxie
elfucls of resmetlrin or thet lobsters are (ar more sensiive than
Daphnia and (e Msh spectes wested in ather siudies. Apother in-
teresting finding is the fact thay phageeyiosis wis alered in fob-
sters waposed to Qoo and | g/l resmothrin 5 days afeer exposure
tirs the avnte exposure study) bur net 7 days after exposure (sub-
acole exposure study) This suggests that either the effects are
lraosient. or exscerbaled by the swess nssociated with humdling amc

ter changes (on day 1, 2 and 5 in the acute sxpusare stady, and
ot day 7. 14,21 und 28 in the subacure study). The onset of sffects
o phagoeyiosis on exposure fe 0.1 g/l cesmethrin on wk 3, the
thied lime the lobsters are handled, a5 for day $ in the acule study,
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Week 2
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Figure 3. Phagocytosis of lohster cells as weasured on day 7, 14, 21 and 28, in each case 7 darys after a weekly exposure (0 three different
concentrations of resmethrin. The kighest concentration (1 Lg/L) is ot preseated for wk 2.3 and 4 bocanse mortality in this greup exceeded 50%.

Ssignificantly differcnt from unevposed control (P < {.0s).

suggests that stress may in fact affect the immunotoxieily of res-
methrin in Jobsters, Similarly, the stress assocfated with repeated
handling seems to resalt in a small bul steady incrense in phago-
Cytosis in the control group for the scote subacale exposure. high-
lighting e impenance of stressars on the mmane svstem, The
use of appropriate contrels neverteless allows the detection of the
uffacts of resmethrin in Gime.

Maunmalion studies compaing the relationship herween im.
mone lunctions and hosl resistance showed g good correlution

hetween changss in the immune tests and altered host resistanya,
with no ingtances where hast resistance was aliered without af-
fecting an immune test (Luster et al, 1993). We have dooimented
imrunomodulatory effects in lobsters on phagocyiosis, reporied ag
the: most important defense mechanism in w1l pliyla of e enhmal
kingdem (vaa Oss 1986). Given that defserive phagocyte functan
is an imporant caase ol increased susceptibifity to oppeortunistic
pathogens in mammalian species (Rotrosen & (ailin I9RT), and
the abave referenced dua in mammalian immunoexicology (Tus-
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Figure 4. Chunges (mean +f~ §D) in hemolymph crustaceur hyper-
gycemic hormane (CHHY after exposare for ¢ wh at the indicated
concenteations compared with valaes in the sante nnimals priar to the
start of the experiment. *Fsipniffcantly ditferent Mron unexposed con-
Lok (P < .01).

ter ot al. 19937, it is Tikely that resmethrin-tnduced modutation of

phagocylosis in lobsters could resalt in a significant decrease in
lobster resistanee 1o diseass, It should nevertheless be noticed that
the effects of resmethrin on other lobster defense mechanisms ha ve
net boen avatuated, and the relative impariance of and redundaney
hetween different defense mechanisms in lobsters on cacounter
wilh pathogens nre not well decumented,

Elevited hemolymph glucose is required for lobsters 1o deal
with any nomber of physiologic challenges. Becyuse CHI regu-
lates hemolymph glucose concentraton, this hormone acls ag o
crustacean stress hormone. Elevations in hemolymph CHH have
been shown to ccour in lobsters following a nwmber of environ-
menal stresses, These include elevated tempergture, hypozin, os-
Imotic sress (Chany ot al, 1998, Chang et al. 1999) and parasitism
(Stentiford et gl 2007},

An acceped definition of an endoerine disrupter is “ap RO
wnous substance that causes adverse health effeets in an intact
cTganism, o iy progeny, secondary 1o changes in endoerine func-
Lon” (Holimes et ad. 19977, Our dati demonstrate thal resmethrin
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does indeed alter the chicelating concentration of the hormone
CHH. Whether this alleration results in adverse health effects re-
mains w0 he seen. Resmethrin, 2 pyrethireid insecdcide. has not
rreviously been shawn to be an endocrine disrupler in crusiaceans.,
However, uiher pyrethroids have been implicated as polential en-
doarine disrupters through the ase of vertebraie hommone binding
assays (Kojima er al. 2004). The decline i the €HH concentra.
tions i the canuol lebsters was fikely caused by the acchmuiion of
the animals w0 their aquaria after 4 wk,

The current study assessed the (oxicity of resmethriy in lobsters
i view of its use around Loag Blund Sound 1o controf Wes| Nike
vicus-intectod mosguitoes and its potential role in the 1990 lobster
die-off, We documented that adult lobsters did not appear more
seasitive than other aquatie species w fhe acute lethal toxic effecis
of resmethrin bt mueh mure seasitive than oter aquatic species
te the sublethal effecte of resmelbrin, zithcugh those wffeces were
docurnenied on one immune function and hormone, not cr repro-
duction. development and growth, However, ta the anthors'
knowledge, no deta have documented the aciual exposure of lob.
sters Lo resmeluin on esvirommensd application, ané it is not
known if the concentrations that we documented to be DX o
lobsters were ever found In thelr eoviromment in the course of the
die-aff. Tt is therefore not possible w delermine with any cerlitude
the role of restmethrin in the 1999 labsier div-ofl, but the risk of
sublethal effects showid be further sxplered, because they anpeared
at low cuncentralions corpared with malathion M Guise el al,
200da) undl methoprens: (e Guise ot al, 2004h), the 2 ather pes-
licides that were applied for the control of mesQuitees nround
Long Isiand Sound and under investization for thoir possible role
in the Jobster die-off,

CONCLUSION

In conclusion. our resuits suggest tiat adalt lohsters are not
mere sensitive than other ayuatic specizs to (he lethal effecls of
resmethrin, but are very sensitive to its sublethal offects compared
with other aquatic species, at least the immane and endoerine
eadpoinis iested. A madulation in immune Tunctions sopld fikely
resull in am increase susceplibility to infectious ugenis, and could
have vontributed 1o the mass mortslity if Cxposure was sufficient,
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SYNOPSIS.

Methoprene is _E_E_gjggg_that acts as a juvenile hormeone agonist. Alfhough developed initially

against Insects, it has since been shown Lo have toxic effects on larval apd adult crustaceans. Methoprene

vas phe of several pesticides applied to the Western Long Istand Sound (WLIS) watershed area duving the

summer of 1899; the sther pesticides were malathia
applied as part of a county-by-county effort to control

n, resmethrin, apd sumethrin. These pesticides were
the mosguito vector of West Nile Virus. Subsaquently,

the seasomal lobster catches from the WLIS have decreased dramaticaily. The Lethality of the pesticides to
lobsters had been unknown. We studied the effects of methoprent while other investigators studied effects
of the other pesticides. We questioned whether methoprene, through its effects on larvae, adults or hoth,
coukd have comtributed to this decline. We found that low levels of methoprene had advers« cffects nm o grter
larvae. It was foxic to stage II larvae at 1 ppb. Stage IV larvae yvere more resistant, but did exlhibit signiticant
increases in molt frequency beginning at exposares of 3 ppb. Juvenile lubsters exhibited variations fu tissne
suseeptibility to methoprene: hepatopancreas appeared to be the most vulnerable, reflected by envirommentzal ’
concentrations of methoprene inhibiting almost all pratein synthesis in this organ.

Our results indicated that methoprene eoncentrates in the hepatopanereas, nervous tissue and epidermal
cells of the adult lobster. Methoprene altered the synthesis and incorporation of chitoprotcins (coticle pro-
teins) into adult postmelt lobster explant shells, SD& PAGE analyses of adult post—molt shell extracts re-
vealed changes in the synthesis of chitoproteins in the methoprenc-treated specimens, suggesting that meth-
oprene affects the normal pathway of lobster coticle synthesis and the gquality of the post-maslt shell. Althidagh

it 1z Hkely that a combination of Tacloride

A to the Teduced lobster population in

5, methoprene may

‘Have contribuied both by Cirecrtome cifects and by disrupting home

ostatic events under endocring CORITTE

NTRODUCTION

Juvenile hormeone (JH) is a regulator of insect de-
velopment. It modifics the respense to the molting hor-
mone, 20-hydroxyecdysone, at the malecular, cellular
and organismal level. In larval insects, the presence of
JH promotes larval-larvae molts, while its absence re-
sults in 2 pupal or adult molt (Riddiford, 1993, 1956},
Methyl famesoate (MF), synthesized in the mandibular
organ of crustaceans, is the unepoxidated equivalent
of Juvenile Hormoene OI {JH 1) found in insects. The
pesticide methoprene is a YH agonist (Staal, 1936; Wil-
son, 2004) and also mimics the action of MF in crus-
taceans (Laufer er al., 1987). :

Thiring the warm weather months of 1999, concems
about the spread of the mosquito-borne West Nile Vi-
rus led to increased application of pesticide com-
pounds in the New York City and Connecticut area.
Tn mrid-September of that year, the region expericnced
extremely heavy rainfall due to Hurdcane Floyd. One
month later, lobstermen in Western Long Islané Sound

| From the Symposium EcoPhysiology and Corservation: The
Contribution of Endocrinolgy and Immurnology presented at the An-
nual Meeting of the Socizty for Integrative and Comparative Biol-
ogy, 5—9 January 2002, at New Orleans, Laouisiana,

¥ Erpail; Yorstma@mercer.edy
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(WLIS) began to report sightings of gravid female lob-
sters dying in the throes of abuortive molts. The envi-
roumental concentrations. of methoprene -ud of the
otier pesticides in WLIS during that tim& are un-
known. The combination of circurnstances and cbser-
vations, however, led us to question whether metho-
prene, known to have been applied to the WLIS wa-
tershed, had disnupied the nermal hormonal balance in
ovigerous female lobsters and triggered molting at in-
appropriate timmes. The subsequent decrease since 1999
in the seasomal lobster catehes would likewise indicate
that one or more harmful events had increased mor-
bidity and meortality amang adult lobsters and their off-
spring. We undertook study of the acute cffects of
methoprene exposure on the survival of larval lobsters
gnd to determine whether such an exposure would ex-
ert changes in the tigsues of adult animals. The purpose
of this paper is to pravide a preliminary communica-
ton.of our findings, as of Jatuary, 2004, A detailed
report will be presented elsewhere.

MATERIALS AND NMETHODS '
Culture

All larval experiments were conducted st the Dar-
ling Maritie Center, University of Maine, Walpole,
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ME. Gravid female lobsters were obtained from local
fishermen and roaintained in flowing seawater tanks
equipped with an outlet screen to retain larvae. Asthey
hatched, larvae were collected with a dip net and trans-
ferred to cylindrical tanks (C.3 X 1.5 m) equipped with
a gimilar flow-through system. A [arge airstone at the
bottomn of each tank provided adequate suspension of
the larvae throughout the entive water coiumn. The
ambient water termperatare was 18°C; all experimental
worl with larvae was conducted at the same temper-
atwre. Larvae were fed live aduit brine shrimp twice
daily; the photoperiod was 12 L:12 D. Developmental
stages of larvas were identified according to Factor
(1995).

Acute exposure studies

All solutions for larval exposure studies wers pre-
pared using filtered scawater. S8-Mecthaprene (Welmark
International, Schaumburg, IL) was dissolved and di-
luted In acetone (10 mM) prior to adding it to sea-
water; seawater used to maintain control animals con-
tained an equivalent amount of neat acetone. Plastic
development trays (Pfaff, B&H Photo, New York, NY)
were half filled with various concenfrations of meth-
oprens in seawsater (see Results) and aerated with a
small airstome. Trays were maintained at 18°C under
fluorescent light in a walle-in cold room. Plastic tackle
hoxes with 1 mrm holes drilled in the bottamn were used
for exposure studies: each compartment {4 X 5 cm,
with a depth of 3 cm seawater) housed one larval lob-
ster. Thirty larvae were exposed to cach concentration
of pesticide tested (see Results). Far postiarvae (Stage
IV), 18 individuals were tested at each concentration.
Tarvae were fed adult brine shrimp ad Iih. and wers
scored daily for molting and survival. Dead animals
were removed fror the trays immediately, Amnimale
were maintained in the original volume of pesticide
laden seawater for 7 days; thereafier animals were
changed tc normal seawater gnd the experiment was
sontinued for an additional 7 days.

Bicaccurmdation studies

Adult intermolt lobsters were equilibrated in the lab-
oratory for at least 7 days. Individual lobsters (—570
2) were placed in plastic buckets containing & liter
filtered seawater. Ditutions of micthoprene {50 ppb fi-
nal concentration) were made from a steck sohation (5
mM)} prepared in acetone. Cenirol arimals were treat-
ed with an equal volume of acetone in seawater. IEx-
posures were conducted at 18°C for 4 hr. Thereafter,
animals were anesthetized by packing in ice, sacri-
ficed, and tissues were dissected and snap frozen in
liquid nitrogen and stored at —80°C, Tissue samples
were transported ta the Pesticide Analysis Laboratory
at the University of Georgia, Athens GA, whers they
were extracted and analyzed for methoprene content
by gas chromatograpliy-mass spectrometry {(GC/MS).
Sample preparation for GC-MS was essentially as de-
scribed by Reed ef gl. (1977). Briefly, tissues (5 g)
were homogenized in Na,50, (50 g) and ethyl acetate

(300 ml) for 1 min in a motcrized blender. After pas-
sage through glass fiber filter paper, the filirate was
concentrated using a rotary vacuum evaporator. The
residue was re-dissolved in ethyl amcetate: toluene (3:
1), vortexed and clarified. The supernatant was defat-
.cd by gel permeation chroinatography on BioBeads
S¥%-3 (100-200 mesh, Bio-Rad); the eluting solvent
was ethyl acetate: toluene {3:1). The sample was fur-
ther purified by Fluorisil chromatography (serial elu-
tion with 6%, 15%, and 50% ether in hexane); material
in the 15% fraction was harboevaporated and redis-
solved in 1 m! methylene chloride. Internal calibration
standards were added and the extract was analyzed by
gas chromatography-mass spectrometry 2s described
by Noakes e al. (1999); the MS instrument was op-~
erated in selected ion monitoring (SIM) mode, Gas

chromatographic conditions: column: RTX-5MS zol’

(Restee, Inc.) 30 m by 0.25 mm ID megabore capiilary
column; oven temperature program: initial temperatore
= 70°C, initial hold 2 min; temperature programmed
to increase at 20°C per mirsite to 210°C with a final
thold of 10 min. Upder these conditions, methoprene
had a retention time of 29 mix, phenanthrene d-10 re-
tention time = 25.5 min; chrysene d-12 retention time

= 33.9 min. Data were expressed as parts per million.

The methoprene minimal detection limit varied depen-
dent on sample size but was approximately 0.05 ppm
(wet weight). A total of five animals have been ex-
posed, dissected, extracted and analyzed thus far; here,
we report representative data from a single animal,

In vivo exposure studies

Post-molt juvenile lobsters {3 cm carapace lenpth)
were exposed to 50 ppb methoprene in sterile seawater
(1 liter) for 3 hr; controls were held in seawater only.

Each animal was then injected through ti-o dorsal car- .

apace with 0.25 ml seawater containing’ 025 mCi
Tran-35S-Label (FCN Radiochemicals, Irvine, CA). The
injection site was sealed with a drop of warm 1% aga-
rase in seawater and the animals were held for 24 hr
at 18°C. Animals were anesthetized and tissues dis-
sected and placed ow ice. As part of the preliminary
studies presented here, a total of ewo animals have
been cxposed, dissected, exiracted and analyzed thus
far. Additional replicate experiments are underway.

In vitro incorporation of *H D-glucosamine by
explant cultures
Postmolt juvenile lobsters were sacrificed 18 hr after

ecdysis (molt stage A2} and the carapace was dissected
on ice. After removal of muscle and conpective tssue,

.the carapace was cut into 0.5 X 1 cm staps. About 4

girips were placed in each well of a 6-well plate and
covered with 3 ml of explant cultwre media: Dulbec-
co’s modified Eagle’s medinm containing 2 mdM L-
glutamine, 5% giucosc, 0.49 M sodium chloride, 10%
fetal bovine serum, and ABAM (penicillin/streptomy-
cin/amphotericin B). After addition of methoprene (fi-
nal concentration = 25 ppb) to experimental culmires
ar acetone carrier vehicle ta controls, the samples were
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. pre-incubated at 18°C for 4 hours. After addition of
*H D-glucosamine (50 pCi/mi; PerkinBlmer Life Sci-
ences; Specific activity = 30 Cifuunol) to each well,
the samples were incubated for an additiona! 16 hr
Adfterward, epithelial tissue was removed from the ou-
ticle with a plastic scraper. Samples of shell and epi-
thelial tissue from control or methoprens treated wells
were pooled, extracted and processed as described be-
low. In this way, each imndividual postmolt animal
served as its own control.

Tissue homogenization, differential centrifugation
and extraction

Each tissue was homogenized with a Potfier-Elve-
jhem homogenizer fitted with a Teflon plunger. Sam-
pies were homogenized ten strokes at 50% maximal
i setfing in Homogenization buffer: 20 mM Tris,
pH 7.8, coptaining 0.4 M NaCl, 10 mM MgCl,, 0.2
mM phenylmethanesulionyichloride and protease in-
hibitor cocktzil {Calbiochem). Shell samples were pre-
extracted with 0.5 M EDTA, pH 7, containing PMSF
and proteasc inhibitor cocktail for 12 hr at 18 °C. Ho-
mogenates were cenuiinged (500 X g for 15 min) to
remove cell debris and nuclei, The supervatant was
centrifuged at 5,500 X g (15 mn) to remove mita-
chondriz and finally at 30,000 X g (45 min) to obtain
a crude microsomal fraction [“16Kp™) and cytosol
(16K=s). The latter fraction was dialyzed against dis-
tilled water wsing 12 ¥Da cutoff dialysis membranes.

The 5,500 X g and 16K p pellets were extracted with
8 M uren containing 0.2% dithiothreitol and PMSE
Adfter centrifugation (10,000 X g for 15 min) the urea
soluble supernatant was removed and dialyzed. After
washing with 10 mM Tris, pH 7.4, the crude micro-
somes were collected by centrifugation (30,000 X g
for 45 min). The microsomal pellet was then extracted
with boiling 2% SDS in 10 mM Tris buffer, pH 7.4
for 5 min. The samples were filtered through Nytex
soreen and the residuc was washed sequentially with
water, ethanol and acetone. The final shell residue was
air dried at room temperature to constant weight, Ra-
dioactivity in all fractions was measured and expressed
as cpm/mg sample.

SD&-PAGE procedures

Samples of control and pesticide treated fractions
werz prepared for SDS-PAGE by boiling in 10 niv
Tris, pH 7.0 containing 2% S8SDS, 15% glycerol,
0.001% brom phenolblue and 0.2% dithicthreitol for
3 min, Samples (15 i} were applied to either precast
4-20% gradient gels (PageR Gold, Cambrex) or 10%
acrylamide gels and separated according to Laemmli
{1970). At the completion of the experiment, gels were
cither fixed and stained for total protein with Sypro
Ruby or Coomassie Blue or electroblotted to PVIFE
membrages using g seawi-dry echnigque. The memn-
branes were then blocked with 5% Blotto (Bio-Rad)
in Tris buffered saline (TBS) at 4°C overnight. Biots
were probed with biotinylated Tomato Lectin (Pierce
Chemical Co) followed by detection with Streptavidin-

HRT conjugate (Dako). Afier fnal washing, the blots
were treated with ECL Plus reagent (Amersham) and
positive bands detected using Probe Phus X-ray film
(Pierce). After exposure for 1-10 min, films were de-
veloped using an autornated ({omat) processor

REsuLTS
Stage IY larvae

Initial cbservations of Stage IT larvae exposed to

environmental concentrations of methoprens had in-
dicated that exposed animals experienced a consis-

tenitly higher mortality rate than did the coﬁtrols Ap--

cordingly, Stage II larvae (30 at each concentration)
were maintained in seawater frays containing 0.1,-0.5,
1 and 18 ppb methoprene respectively for 72 hr Din-
ing that time petiod, the mortality rates were egsen-
tially the sarne as that of the controls for animals in
the 0.1 and 0.5 ppb ways {approx. 14%). Tn contrast,
at 1 ppb methoprene, the mortality rate was 30% and
at 10 ppb, the mortality rate was 86% after 72 hr of
exposure.

Stage TV larvae

Overall these animals appeared 1o be more resistant
to the effects of methoprene than were the vounger
larval forms, They did rot expetience incressed rates
of mortality when exposed to methoprene. Instead,
metheprene accelerated the frequcncy of molting i
these animals.

Eighteen animals were stadied at easch concentra-
tion. During three days of methoprene exposure at 1
ppb concentration, no animals molted; no control an-
imals moelted during this time either, At concentrations
of 5 ppb and above, however, the number of molts
increased with an average of one third of the animals
undergoing molts.

At day three, there were no deaths among the ani-
mals exposed to methoprene concentrations below 50

ppb. At 50 ppb, two animals suffered molt-related
deaths (11% maortality).

Juvenile lobsters

These animals were exposed to 50 ppb methopmns
for 3 hr and then injected with Tran*S-Label. Twenty-
four hours later, the hepatopaccreas, gills and muscle
tissue were removed from each anirnal and mitechon-
drial, crude microsomal and cytosolic fractions of each
tissue were prepared. As assessed by the igeorporation
of Tran®3-label into microsomal and cytesolic frac-
tions, the hepatopancreatic tissue from exposed ani-
mals suffered greater than $0% lohibition of protein
synthesis. The gill tissue exhibited a 50% decrease in

protein synthesis while muscle tizssue was largely un-
alffected.

Adulf studies

As part of this preliminary study, we exprsed a total
of diree adult animals ta 50 ppb meﬂloprmc for 3 hr
The pesticide was concentrated in the following Hsg-
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TasLE 1. Bloaccumiation of merhoprene In specific itsues afier
- geute exposure of adult lohsters.

TWethaprene
Sample soneentration
Sample deseripiion weight {£) {ppm)

Calibration standard 30 3.97
Hepatopancraas 10.39 155
Giilg 1.52 0.14
Epithetial celis 0.81 6.17
Muscle, abdominal 63 0,16
Gomnad 1.08 5,18
Stornach 717 nd @ <0.14
Cennective tissue 1.40 nd. @ <0.71
Hyes 035 28.83
Heart 0.70 nd, @ <1.43

As described i Methods, adult lobsters {molt stage C4). were
exposed to 50 ppb methoprene at 18°C for 4 h. Animals were re-
moved from exposure medium, briefly drained then anesthetized on
ice for 30 . Thersafer, Hssues wers disseeted and frozen in liquid
nitrogen, Samples were weighed, exiracted, and analyz=d for meth-
apreis content by GC-MS (sze Methods). Results ars exoressed as
concentration of methoprene in parts per million in each of the tis-
sues sampled; n.d., aon dotectable at or less than the value given,
See text for details,

-

sues: hepatopancreas, gonad, epidermis, and neural tis-
sue (ganglia and eye stalk; See Tahle 1).

Explant studies

The advantage of using the explant method is that
control tissue and experimmentsl tissue are derived from
the same animal, thereby obviating infter-animal vari-
ation in molt stage or metabolic status.

Incorporation of *H-ghicosamine. Total radioactivi-
ty incorporated into 18 hr (molt stage A,} post-molt
epithelizl cells in the presence of metheprens (“ex-
perimental®™) was 38% of that incorporated into contrel
epithelium. Incorporation into the eytosolic fraction
from the experimental was approximately equal to that
of the contrcl. In the 5,500 X g pellet {containing
membrane fragiments and mitochondria), however,
there were marked differences between the 25 pnb
treated specimens and the contrels, These pellets were
first extracted with urea; the experimental contained
52% less radioactivity than control. The urea insoluble
residues were then exiracted with 8DS; the experi-
mental fraction contained $2% less radicactivity than
the control.

Fncorporation of T raanS Labz!, The shells from
methoprene exposed and contral explants were se-
quentially extracted and total non-dialyzable radioac-
tivity in zach fraction was determined, The fractions
extracted with EDXTA were approximately equal. The
buffer extracted fraction of the experimental, however,
contained 50% less radioactivity than the control,
while the wrea extractred fractions were approximately
equal. The SDS extracted experimental fraction con-
taincd 34% loss vadivactivity thau the control,

SDS PAGE anafysis

Analysis of solubilized shel] fractions from explant
coltures by SDS-PAGE indicated subtle alterations in

the total protein profile as revealed by Sypro Ruby
staining. As shown in Figure la, methoprene treatment
caused decrzased levels of severzl protein components
with molecular weights af 40, 60 and 75 ¥Da. On the
other hand, when Westem blots of duplicate gels were
prebed with Tomato Lectin {TL, which binds chitin
aligosaccharides), differences were observed (Fig, 1b),
most notably in the buffer soluble fractions, After
methoprene treatment, TL positive components were
cither absent or reduced at 6, 25, 40, 80, 160 and 240
kDa, suggesting a major effect on an carly stage in the
synthesis pathway (Horst et 2., 1993}, Increased levels
of specific bands (40, 80 and 160 kI>a) were observed
in the urea soluble fraction. The SDS soluble fraction
appears to have minor quantitative chanpes as a resnlt
of methoprene treatment.

Analysls of the cellular layer of the mtegument
(which is predorminantly epithelial cells) by 10% SDS
PAGE showed marked differences in the total protein
profiles of all extracted fractions {Fig. 2a; chaoges in-
dicated by stars). Major protein alterations were ob-
served at 45, 100 and 150 KDa. When Western blots
of duplicate gels were probed with TL, we again ob-
served alterations in TL positive proteins in the spec-
tmens (Fig. Zb). In the cytosolic fraction (Janes 1,2},
methoprene freatment caused a shift of TL positive
bands from high molecular weight (150250 kDa) to
low maolecular weight components (20—4¢ kDa). SDS
extracts of the 16,000 rpm peliet {lanes 5,6) showed
decreased levels of 70 kDa material and increased 45
kDa material as a result of methoprene treatment.

. Analysis of the fractions of the 5,500 X g peliet ex-

tracted with urea and then with SDS showed remark-
able alterations, but of opposite paiterns. The urea sol-
uble fraction showed marked increases in TL positive
bands at 120 and 130 kDa as well as chusters of less
intense bands at 90, 60, 45 and 36 kDa. By contrast,
the SDS soluble material contained fewer bands fol-
lowing methoprene treatment in the higher melecular
weight range (60-100 kDa).

DiIscuUssioN

The effects of JH and JH analogs in insects have
been stadied extensively (Wyatt and Davey, 1996;
Riddiford, 1996; Hammock and Quistad, 1981; Ber-
ger et al., 1992; Jones, 1995). In a 1996 review, Rid-
diford no‘ted that JH allows melting in response to
ecdysteroids but alters the switch of gene expression
necessary for insect metamorphosis. Methoprene, act-
ing as a JH aponist, has been shown to disrupt the
metamorphic reorganization of the ingect central ner-
vous system, the salivary glands and the musculature
(Restifo and Wilson, 1998). Other investigations in-
dicated toxicity of methoprene to crusiacean larvae.
Templeton and Laufer (1883) found that methropene
at concentrations known to interrupt insect develop-
ment also interfered with the larval development of
Daphinia magna., Other investigators found that en-
viropmental concenirations of methoprens affected
molting, fecundity and the production of male off-
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FiG. 1. a. Gradient SDS-PAGE analysis of selubilized fractions from post-molt lobster cuticle. Experimental explant cultures were exposed L
ta 25 ppb methoprene (lanes Z, 4 and 6); control explents are shown In lanes 1, 3 and 5, 85 described in Materials and Methods, Shell proteins T
were extracted with buifer {lanes 1 & 2}, 8 M urea (lanes 3 & 4) and finally boiled in 2% SDS (lanes 5 & &) After clectrophorssis, the gel =4
wag fixed and stained with Sypro Ruby. Position of presiained melecular weight markers are indicated at left of lane 1; molecular mass is o

reported a5 kDa, Changes in protein somponents caused by methoprene sxposure arc indicated by dots in the buffer sohible and urea soluble
fractions. b, Western blot analysis of solubilized fractions from post molt lobster cuticle. Experimental explant culwires were =xposed to 25
ppb methoprens (lanes 2, 4 and 6); control explants are shown in lanes 1, 3, and 5. AT explants were extracted and scparated by SDS-PAGE;
as described in Materials and Methods. Prateins were transferred to PVDF membrane by semi-dry blotting and probed with biotinylated Tomato
leetin (TL). Binding was detected with steptavidin-HRP followed by enbanced chemiluminesecnt detection (ECLY; the exposure time was 1
min, Position of prestained molecular weight martkers blotted to the PVIDF membrane are indicated ot left of lane 1; molecular mass s reported

&5 kDa. Changes in Tl.-positive chitoprotein bands caused by methoprene exposure are indicated by dots in the buffer, urea and 5DS soluble
fractions. .

spring in this species (Olmstead and LeBlanc, 20014z, oprene was acutely toxic to the larvae of Rlnthroparn-

b, 2003; Peterson et af,, 2001). Similar results have
been observed in all life stages of salt marsh cope-
pods (Bircher and Ruber, 1988).

Regarding decapod crustaceans, McKennzy and
Matthews (1990) showed that concentrations of 1 ppm
methoprene were uniformly fatal to the larvae of Pa-
laemoneles pugio while 0.1 ppm greatly reduced the
nummber of larvae able to complete metamorphosis,
Christiansen ef gl. (1977) reported that I ppm meth-

opeus harvisii, but these investigators did not find
harmful effects at 0.1 ppm methoprene under normal
conditions of temperature and salinity. Other studies,
however, revealed that this lower concentration did
produce adverse offects if coupled with sub-optional
temperature and salinity (Payen and Costlow, 1977;
McKenney and Matthews, 1990; Celestial and Me-
Kenney, 1954). Additional work by McKenney and
Celestial (1993) on larval Palaemoneres pugio showed
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Fi6. 2, a. 10% SDS-PAGE analysis of selubilized fractions from postmolt lobster cuticular epithelial cells. Experimental explant multyres
were exposed 1w 23 ppb methoprene (lanes 2, 4, 6, 8, & 10); control explants are shown in lanes 1, 3, 5, 7 & 9. After homogenization of
cells, low spoed (35,500p) and high speed pellets (16Kp) were obtained and proteins were extracted with buffer, 8 M urea and boiling 2% SDS
as described in Methods. Sumples were subjected fo clectropheresis on 109 gels, fixed and stained with colloidzl Coomassie Blue, Samples
are identified by {ane in the figure. Far details, see Methods, The positdon of prestained melecular weight markers are indicated at left of lan=
1; molecalar mass is reported as kDa. Changes in the protein profiles of each sample caused by methoprene exposure are indicated by stars.
b. Western biot analysis of solubilized frzctions from post-melt lobster cuticular epithelial cells. Samples were preparsd and separated on 10%
gels as described for Figure 3. After electrophoresis, proteing were transferred to PVDF membrane by semi-dry blotting and probed with
biatinylated Tometo Lectin (TL). Bmding was detected with streptavidin-HRP followed by enhancad chemiluminescent detection (ECL); the
exposure time was 5 sec. Lane identities are described in Figure 2a legend. Position of prestained molecular weight inatkers blotted to the
PVDF membrane are indicated at lefl of lane 1; molecular mass is reported as k¥Da. Changes in the protein profiles of each sample cavsed by
methoprene cxposure are indicated by stars,

that 8 ppb methoprene affected growth and inhibited
the completion of metamorphosis.

McKenney and Celestial (1996) fonnd that the ju-
venile forms of the estuarine mysid Mysidopsis bah-
ia suffered complete mortality when exposed to
methoprene concentrations of 125 ppb and exhibited
diminished siwe and subsequent fecundity when
reared in concenfrations of methoprene as low as 8
ppb. Chu ef al. (1997} found an LDg of 0,34 ppm
methoprene at 48 ar for the freshwater cladoceran
Moinag macrocopa; they also found that levels of 5—
10 ppb actually stimulated reproduction. Ting et 2l
{2000) found that exposure of the naupliar forms of
the harpacticold copepod. Tigriopus californicus to
10 ppb methoprene resulted in subsequent disruption

of mate recegnition, a proaeess known to be under
endocrine control. Studies by Ahl and Brown {1990}
demonstrated delayed ecdysis and molt-reslated mor-
tality in brine shrimp larvae {drzemia sp.) exposed
to 0.3 ppm methoprene,

These last investigators alse found that methoprens
had a stimulatory effect on Na/K ATPase activity 1n
Artemia (Ahl and Brown, 19%1). They suggested chat
the mechanism of action invelved direct binding of the
pesticide to regulatory sites on the enzyme causing
changes in conformation. Due to its hydraphobic struc-
ture, methoprenc conld alse lodge in membranes and
modify the lipid envirenment adjacent to enzymes
leading to altered conformation and therefore activify.
Subsequent studies by Lovett ef ol {2001) in the green

010z 'z 1squeacy Lo jsenh Ag Biog|BLLIRD [pIojX0 g WO pepesjuse]



Feb 291203:57p

Robert Campbell

203-325-8845 p.8

124 AN, WALKER ET AL

crab Carcinws moenay indicated that MF itself plays a
role in osmoregulation. .

in our studies of the blue crab (Callinecies sapidus),
we found that methoprene, in keeping with its hydro-
phobic nature, could penctrate the investment coat of
the blue crab embryo snd localize in lipovitellin, Ex-
posure of the embryos to environmenntal concentrations
of methoprene resulted in an overall reduction in the
number of successful hatchings and in lethargic swim-
ming behavior on the part of the newly batched sur
vivors (zoez larvae). Mareover, in later larval forms
(megalopae), methoprene delayed the molt to the first
crab form and resulted in death of 80% of larvae after
exposure for 10 days. It was our conclusion that blue
crab larvae exposed to methoprene could either die as
a direct result of metamorphic disruption or be com-
promised in their ability to swirn such that they were
vidnerable to increased predation (Horst and Walker,
1959),

Although we did not observe altered swimming be-
havior, we did find that low levels of methoprens had
adverse offects on lobster {arvae, Methoprene con-
centrations of 1 ppb or higher significantly affected
survival for Stage Il larvae. Stage IV larvae were
more resistant, but did exhibit significant increases in
molt frequency beginning -at exposures of 5 ppb
methoprene.

Our studies of juvenile lobsters revealed variations
in tissne susceptibility to the effects of methoprene.
The hepatopancreas appears to be the most vulnerable,
with snvironmental concentrations of methoprene in-
hibiting alimost all protein synthesis in this organ. The
hepatopancreas is critical to homeostasis in crusta-
ceans, being involved in digestion of food, absorption
of motrients, production of hemolvmph proteins and
host defense against infectious agents. The in vive con-
sequences of hepatopancreatic compromise could in-
clude, therefore, both increased morbidity and mortal-
ity of juvenile lobsters. ]

Although phylogenetically related, insects and crus-
taceans have many obvious anztemic and physiologic
differences. One difference is the necessity of many
crustacsans o molt not only during embryonic and
larval stages, but also to continne to molt throughowt
adulthood. Swdies by Laufer er al. (1987), Chang
(1893) and others have indicated that MF influences
the crustacean molt in pait by increasing the synthesis
of. the molt-related hormone, ecdysone. Laufer et al,
{1998) have also shown that MF stimulates ovarian
maturation in the crayfish Procambarus clarkii.

The increased frequency of molts in the stage TV
larvae and the historical observation of berried famales
dying while attemipting to maolt rzise the possibility
that methoprene could be respomsible for endocrine
‘disruption in larval and adunlt lobsters. Other investi-
gators have shown an nterplay between MF and ec-
dysons in other crustaceans. In 1975, Demeusy sng-
gested that lerge premolt increases in the hemolymph
ectlysteroid tter were due to an ecdysiotroplic action
of methyl famesoate, Then, in 1977, Hinsch demon-

strated that, during the premoclt, the rmandibular organ
in Libinia emarginata undergoss ulirastuctural chang-
es indicative of increased synthetic activity. In Cancer
ragister, Tamone and Chang (1993) showed that ec-
dystereid synthesis by Y organs is increased both by
incubation with mandibular crgan-conditioned medi-
um or with methyl farmesoate. If methoprene is acting
as an MF analog, it is reasonable to suggest that meth-
oprene could affect the synthesis of ecdysone, and ge-
cordingly influence the timing and freqnency of maolts.
Molting is a stressful and vulnerable time for all crus-
taceans, larval and adult; thus, increased nuntbers of
molts ead to increased periods of vulnerability to pre-
dation, traume and infection. Morcover, our studies
alsc indicate that methoprene has an effect on the gual-
ity of the post-molt shell.

Our studies in blue crabs revealed that methoprene
interrupted chitin production in the adult postmolt blue
crab as evidenced by decreased incorporation of H-
glucosamine into metheoprene-treated explant cuticle,
‘We also found an offcet on protein synthesis as shown
by diminished incorporation of radiolabeled amine ac-
ids into the explant shells (¥orst and Walker, 1599),
In the present investigaiion, we cbserved that metho-~
prene alters the synthesis and incorporation of both
buffer and urea soluble chitoproteins into adult post-
molt lobster explants. Presumatly, these two fractions
represent intermediate stages oi glycosylation,

In the present study, SD8 PAGE analyses of adult
post-meolt shells revealed changes in chitoprotzin ex-
pression in the methoprene-treated specimens. These
findings suggest that methoprene blocks the normal
pathway of crustacean cuticle synthesis (Horst et al,
1693), Crustacean cuticular chitin is a glycoconjugate
complex containing chitin oliposaccharide chaing co-
valently attached to protein. Following biosynthesis,
precursors may be exocytosed and incorporated into
the postmolt cuticle by crosslinking reactions. In our
studies on blue crabs, we established that the SDS in-
soluble tesidue of the cuticle contained macromolec-
ular chitin (Horst and Walker, 1999). Such material
represents the final stage in the crustacean chitin syn-
thesis pathway; its production by blue crab explants
was affected by methoprene when experiments were
conducted for a prolonged period of time, e.g.. 2448
hir. The present study on lobister explants included only
short-termn exposures to methoprene wherein the pre-
cursor pool proved to be more dramatically affected
than was the formation of final product, Long-term
exposure studies are planned.

Biozccumulation of pesticides has been reported in
other crustzceans (Kusk, 1996; Bhavan ef al, 1997,
Bhavan and Geraldine, 2002; Robinson er ai., 2002),
The pesticides appear to enter with foed into the di-
gestive tract, and are absorbed in the hepatopancreas.
There is little information on subsequent transfer of
pesticides to other tissues in crustaceans. Our results
indicate that methoprene concentrates up to 1235-To1d,
over the swrrounding sea water in the hepatopancreas,
gonadal tissue, nervous tissue and epidermal cells of
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the adult lobster. Crustacean epidermal cells are the
site of chiloprotein synthesis for shell production, The
apparent preferential localization of methoprene into
epithelial tissue helps expiain the alteration in the chi-
toprotein expression observed in the exposed explants.
Additiopat bioaccumulation data arc prescnted else-
where (Walker and Horst, 2004},

Recause of the time of the year, Stage II and IV
lobster larvas as such would not have been present to
experience detrimental environmentsl infinences in
WLIS immediately after Hurticane Floyd. Their par-
ents, however, would have been. It bas been shown
that the quality of the maternal environment influences
the survival and success of offspring (Waddy er al.,
1993). Methoprene, being lipid soluble, would be ex-
pected 1o acourmulate on/in organic debris on the sound
bottorn. Adult lobsters frequently bury themselves in
mud, thereby Tacilitating their exposure to lipophilic

pesticides, Moreover, adult lobsters could aise suffer -

chronic systemic methoprene exposure due to slow re-
lease of pesticide deposited in lipid-rich tissues. Even
if a benied female bad not produced eggs at the time
of the contamination, methoprene could goncentrate in
her ipid-rich dssue and then contaminate her eggs
through localization in the lipidwrich lipovitellin, Sub-
sequent embryonic and larval forms could suffer direct
toxicity as well as endocrine disruption due to meth-
oprene. Although it is likely that a combination of fac-
tors ked to the reduced lobster population in WLIS,
methoprene may well have played a significant part in
this scopomic and environrmental calammity,

ACKNOWLEDGMENTS

The authors acknowledge the technical assistance of
Mr, John Knight. We thank Dr. Michael Tlusty, New
England Aguarium, Pemry Howell, Marine Sciences,
Connecticnt DEP, and Mike Syslo, Massachusetts State
L.obster Hatchery, for providing animals used in this
study. Gravid female lobsters were genercusly provid-
ed by Robert Ball, Round Pond, ME. Portions of this
research were conducted at the Darling Marine Center,
Walpole, ME; we thank the Director, Dr, Kevin J. Eck-
elbazget, for providing laboratery space and ship time.

This work was supported by the New York and
Commecticut Sea Grant Long Island Sound Lcobster
Mortality Initiative.

BEFERENCES

Ahl, I. 5. B, and J, 1. Brown. 1990. Salt-dependent effects of ju-
venile hormoue and related compounds in larvae of the brine
shrimp, Arfemia. Comp. Biechem, Physiol. 95A:491-456.

Ahl, J. 5, B. and J. 7, Brows, 1991, The effect of juvenile honnane
ITI, methyl fomesoale, and methoprene oo Na/B-ATPase sedv-
ity in larvae of the brine shrimp, Arfemic. Comp. Biocher.
Physicl. 100A:155-158,

Berger, E. M., K. Goudie, L. Xlieper, M. Berger, and R, DeCato.
1992, The juvenile hormone analogue, methoprene, inhibits ec-
dysterene induction of small heat shock protein gene expres-
sion. Dev. Bial. L51:410—-418,

Bhavan, P S. and P Gerldine. 2002, Carbaryl-induced alterations
in bicchemical metabolism of the prawn, Macrabrachium mial-
colmseanil, ], BEnviron, Bicl, 23:157-162,

Blhiaven, P 8., Z. Zayapragassarazan, and P Geraldine. 1897, Ac-
cumulation and climination of endosulfun and carbaryl in the
freshwater prawn, Macrobrachium malcolmsonit (H. Milnes
Edwards). Poll. Res. 186:113-117,

Bircher, L. and E, Ruber. 1988, Toxicity of methoprene to all stages
of the salt marsh copepod, Apocvelops spartines (Cyclopoidia).
. Amer. Mosg. Control Assoc, 4:520—-523.

Colestial, D, M. and C. L. McKeancy, Ir. 1924, The infiuence of an
insect growth regulatar on the larval devclopment of the mod
creb Rhithropanopeus harrisi, Environ. Pollut., 85:169-173,

Chang, E. 5. 1993, Comparative endocrinolagy of maling and re-
production; Insccts and crustaceans. Annu. Rev. Emomol. 38:
161-180.

Christianser, M. E., J. 1, Costiow, and K. J. Monros, 1977, Effects
of the juvenile hormone mimic ZR-515 {Altosid) on jarval de-
velopment of the mud crab Rhfthropanopeus heprigii in various
salinities and cyclic temperatures, Mar. Biol. 3%:269-27%,

Chu, K. H,, C. K. Wong, and K. C. Chiu, 1997, Bffects of the inscct
growth regulator (S)ymethoprens on survival and reproduction
of the frestwater cladoceran Maina macrocepa, Environ. Poltut
96:173-178.

] Demeusy, N. 1975, Observations sur le functiontement des glandes

mandibulaires du Decapode brachoure Carcinus maenas L. An-
imaux temoins ef animaux sans pedoneles oculaires. C.R. Acad,
Sei. Paris Scr, D 281:1887--1889.

Factor, 7. B. 1995, Biolegy of the lobster, Homarws americarns.
Academic Press, Crlendoe, Florida.

Hammock, B, D. and G. B. Quistad, 1981, Matabclism and mods
of action of juvenile bormone, juvenoids, and other insect
growth regulators. 7+ D, H. Huson and T R. Robeorts (eds.},
Progress in pesticide bipchemistry, Vol. 1, pp. 57-64. John Wi-
ley & Sons, New York, New York.

Hinsch, 5. W. 1977, Fine structara] changes in the mandibular gland
of the male spider crab, Libinia emargineto (1..) following eye-
stalk ablation. J. Morphel. 154:307-216.

Horst, M. W, and A, N, Walker. 1959, Effects of the pesticide meﬂ'x-
oprene on taorphogencsis and shell formation in e blue crab,
Callinectes sapidus. . Crust. Biol. 19:699-707.

Horst, M. N., A. N. Walker, and E. Klar. 1993, The pathway of
crustaceat: chitin synthesis. Jn M. N, Horst and J. A. Freeman
(eds.), The crustacean infegurmen! morphology and bivchenis-
oy, ppe 113149, CROC Press, Inc., Boca Baton, Flerida,

Jonss, G. 1993, Molcoular mechanisms of action of juvenile hor-
moue, Annu, Rov. Entormnol. 40:147-169.

Kusk, K. ©. 1994, Bioavailability and effect of pirimicarb on Daph-
rig magne in 4 laboratory freshwater/sediment system. Arch.
Environ, Contam, Toxical. 31:252-235.

Lasmmii, . K. 1970, Cleavage of sttuctural profeing during the
assermbly of the head of bacteriophage T4. MWature 227:680-685.

Laufer, H, W. I, Biggers, and 1. S. B, Ahl, 1998 Sdmuledon of
ovadan mamiration in the cmyfish Procambaris clarkii by
methy] famesoate, Gen. Comp. Endocrinol. 111:113-118.

Laufer, H., D Borst, F. C. Baker, T, Carrasco, M. Sinkus, C. €.
Router, L. 'W. Tsai, and D. A, Schoolcy. 1987, Identification of
a juvenile bormene-lke compound in a crustacean, Scicnce
234:202-205,

Lovett, D. T, M, P Verzi, P D. Cliffurd, and D, W, Borst. 20031,
Hemolymph Jevels of methy! farnesoate increase in response to
osmotic stress in the gresn crab, Carcinusy maenas. Comp.
Binchem. Physiol. A 128:299-306.

McKenney, C. L., Ju and D, M. Celestial. 1993, Variations in larval
growth and mctabolism of an estnarine shrimp Pelnemaonctes
pugio during toxicosis by an insect growth regulatorn. Cormp.
Bigchem, Physiol, C. 105C:239-245,

McKenney, €, L., Jr. and . M. Celestial. 1996, Modificd survival,
growth and reproduction in an estuarine mysid (Mysidapsis fai-
ia) exposed to a juvenile harmone analogue through a complete
life cyels. Aquat. Toxicol 35:11--20,

McKenney, C. L., Jr. gud E. Maithews. 1990, lifluence of aa msect
growth regulator on the larval development of ap estuarine
shomp., Enviren, Pollut, 64:16%-178.

MNozkes, I. E., 8. E. Noakes, D. K. Dvoracek, R. A, Culp, and P B,
Bush, 1592, Rapid ceastal survey of anthropogenic radionu-

0102 ‘€2 1oquiaaay uo jsanf Ag f10°s|etnclpiopm gal WOl papRaiimog



Feb 29 12 03:59p

Robert Camphbell

203-325-8845 p.10

‘1.?.6 ' A. N, WALKER ET 4L.

clides, memls and organic compounds in surficial marine sedi-
ments. Sci, Tot. Environm. 237/238:449—458,

Olmstzad, A, W and G. A. LeBlanc, 2003, Insecticidal juvenile
hormone anzlogs stimulate the production of male offspring in
the crustecoan Dephria magna. Eavicon. Health Perspect, 111:
915924,

Olmstead, A, W, and G. A. LeBlane. 20014, Temporal and quanti-
tative changes in sexual reproductive cycling of the cladoceran
Daphnria magna by a jovenile hormone analeg. J, Exp. Zool,
250:148-155.

Olmstzad, A. W, and G. A. LeRlanc. 20014, Low exposure concen-
tration effects of methopramne on endocrine-repulaied processes
in the crustucean Daphnia magna. Toxicologicnl Sciences 62:
268-273,

PFayen, G. G. ard 1. D, Costlow, | 977. Efiects of a juvenile hormone
mimic on male md female gametogenesis of the mud crab,
Rhithropanopens harrisii (Gould) (Brachywran: Xanthidas).
Biol, Bull. 152:199-208,

Peterson, 1, K., D. R. Kashian, and 3. 1. Dodson. 2001, Methoprens
zad 20-0H -ecdysone affect male production In Daphriz puiex,
Enviren. Toxicol. Chem. 20:582-588.

. Reed, O, L., B B. Bush, N. H. Bootly, J, T. Kiker, B. I. Guoetsch,
and R. L. Farrell. 1977, Tissue residues from feeding penta-
chloronitrobenzens to broiler chickens., Toxicol. Appl. Pharm.
42:433-341.

Restifo, L. L. and T. G. Wilson. 1998, A juvenile hermone agonist
reveals the distinct developmeéntal pathways mediated: by co-
dysonc-inducible bread complex transcription factors. Dew,
Genet, 12:141-159,

Riddiford, L. M. 3953, Hommooe receptars and the regulation of
insect metamorphosis. Receptor 3:203-209,

Riddiford, T.. M. 1996, Juvenile hormone: The statng of its “‘status
guo” actign. Arch. Insect Biochem. Phsyiol. 32:271-284.
Robinson, D. E,, C. Henry, and A. Mansingh, 2002, Toxicity, bio-
zceumulazion and tisstue partiioning of dicldrin by the shrimp,
Macrobrachium foustinum de Sassure, in fresh and brackish wa-

1ers of Jamaica, BExwiron, Technol. 23;1273-1284,

Swel, G. B. 1984 Anti-juvenilc hormone agents. Ann, Rev. Ento-
mol. 31:391--428.

Templeton, N. 8. snd H, Laufer, 1983, The effecte of a juvenile
hormene analog (Altosid ZR-515) on the reproduction and de-
velopment of Daphniz magna (Crustacea: Cladocera). Internat.
T, Invert. Reprod, 6:99--110,

Tarnong, 8. L, aed E. 8. Chang. 1993, Methyl famesoate stimulates
ecdysteroid seorction from crab Y-organs in vitra. Gen, Comp.
Endocrino!, 85:425-432

Ting, 1. H., L. Letderi, R. Gay, K. Scierz, and T, W. Snell. 2000,
The juvenile hormone 2nalogue methoprene disrupts mate rec-
ognitton in the harpacticoid copeped TigHopus californicus.
Scientiae Naturae 3:27-35,

Waddy, S. L., D. B. Aiken, and D. P. V. De Kleijn, 1995, Control
of growth and reproduction, Jr ¥, R, Factor (ed.), Biology of the
fobster, Homarus americanus, pp. 217266, Academic Press,
e, San Deigo, Califomia.

Walker, A. N., ! Bush, T. Wilson, E. Chang, T. Miller, and M. N.
Horst, 2004, Metabolic effects of acute exposure to methoprene
in the lobster, Homarus emericanus. 1. Shellfish Res. (Tn press)

Wilson, T. G. 20004, The moleculsr site of action of Jjavenile hormone

and juvenile hormone insecticides during metamorphosis: How
these compounds kill insects. J. Tnsect Phyeiol, 50:111-121.

Wyatt, G, R, and K. G, Davey. 1996, Cellnlar and moelecular actions
of juvenile hormone. II. Roles of juvenile hormonsz in adult
insects, /n B D. Evans {ed.), Advances in insect physialogy, Vol.
26, pp. I~155, Academic Press, Ban Disgo, California.

ALOZ ‘£ JequimacN Ua 1sanfi Aq Bio-sRiunclpiafxa ot Wolp papeajusod




